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Abstract 
Ca-alginate microgel particles have been extensively studied for use in 
various foods and in biomedical applications and are commonly produced using 
techniques, such as emulsification, prilling, microfluidic and spray-drying, which 
involve multiple processing steps, otherwise large particle sizes are yielded. 
This provides the motivation for this study: to produce the Ca-alginate microgel 
particles in a simple and rapid method via a Jet homogenizer developed by the 
University of Leeds School of Food Science and Nutrition. Furthermore, the 
aims are expanded to entrap water-soluble compounds (proteins and dyes) and 
water–insoluble compounds (polyphenols and β-carotene crystals).  
The results indicated that tuneable sizes of microgel particles could be 
obtained from the Jet Homogenizer. Various SEM techniques revealed the 
microgel particles of sizes below 50 nm forming clusters in microregions of size 
< 1 µm, thus sonication was applied to break down the aggregates. The 
microgel particle sizes could be controlled by altering the concentrations and 
viscosities of the alginate and by changing the fluid velocity. Rheological 
measurements were also employed to estimate the intrinsic viscosity ([η]) and 
𝑀𝑤 of the elected alginate with low viscosity (LV) and to evaluate the apparent 
viscosity of the microgel suspensions over shear rates as a function of volume 
fraction (φ). 
These microgel particles were utilized to encapsulate water-soluble 
cationic proteins (lactoferrin and lysozyme) and dyes (anionic erioglaucine and 
cationic methylene blue). Lactoferrin had shown some adsorption to the 
microgel particles as demonstrated from the reduction of particle size as the ζ-
potential was less negative. Successful loading of erioglaucine was achieved 
with high loading efficiency and payloads, but rapidly released due to high 
porosity of the microgel particles. Lysozyme and methylene blue did not show 
any adsorption or entrapment but rather formed complexations with the alginate 
instead. The water-insoluble particles of polyphenols and β-carotene were also 
successfully loaded into the microgel particles as revealed by the images 
obtained from confocal (CLSM) and the light microscopies.  
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In short, the results have shown some firm evidence that Ca-alginate 
microgel particle formation and encapsulation of some the water-soluble and 
insoluble compounds within the Ca-alginate microgel particles can be achieved 
via this simple and effective technique.   
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Chapter 1 INTRODUCTION 
1.1 General Introduction  
Microgel particles are defined as colloidal particles (with a size range of 
100 nm to 1000 µm) comprising a high degree of cross-linked three 
dimensional polymer networks that are able to swell or deswell by absorbing or 
expelling solvent (typically water) in response to external stimuli, such as pH, 
temperature, and salinity. (Dickinson, 2015; Pelton & Hoare, 2011; Seiffert, 
2013). Because of their responsiveness to the external environments, these 
‘intelligent’ small particles have a wide range of uses in foods, biomedical and 
pharmaceutical applications (Augst, Kong, & Mooney, 2006; Malsten, 2011; 
McClements, 2017), oil recovery (Ben et al., 2011), ink-based 3D printing 
(Nakamura et al., 2008), and as microlenses and photonic crystals in sensing 
applications (Lyon, Hendrickson, Meng, & Iyer, 2011).   
The materials used to construct the microgel particles are diverse, 
utilizing synthetic or biopolymers with high molecular weight (𝑀𝑤). For food, 
pharmaceutical, and oral care industries, the biopolymer microgels are 
preferable due to their compatibility, natural and sustainable sources, and their 
affordability compared to high-cost petrochemical-based synthetic polymers 
(Pashkovski, 2011). These edible microgels have been developed using a 
range of materials, mostly proteins and polysaccharides that have long been 
used in food products for influencing the product quality and stability 
(McClements, 2015). Some comprehensive review articles about food 
biopolymer microgels that have highlighted the methods to fabricate the 
microgel particles, methods of characteristics, and their applications as foods 
are available and will be further expanded in this chapter (Dickinson, 2015; 
McClements, 2015, 2017; Rayner, 2015).  
Microgel particles can undergo deformation and rearrangement at 
interfaces, thus they are known to be ‘surface active’, and can be utilized as 
food emulsion stabilizers (Dickinson, 2015). Food-grade protein microgel 
particles are just one type of novel food particle that might be exploited via the 
Pickering mechanism (de Folter et al., 2012; Destribats et al., 2014; Rayner, 
 
 
2 | P a g e  
 
2015). Although the microgel particles are classified as soft particles unlike 
Pickering stabilizers which are mostly hard particles, they can still form a 
viscoelastic monolayer at the O/W interface and act as good stabilizers as long 
as they maintain a size and contact angle sufficient to secure their interfacial 
attachment. 'Mickering' emulsions, as coined by Schmidt et al. (2011), is an 
elegant expression to describe an emulsion stabilized by protein microgel 
particles, see Figure 1-1. Sağlam, Venema, van der Linden, & de Vries (2014) 
and Dickinson (2015) have recently reviewed a number of advances in the 
production of nanoscale protein microgel particles of well-defined sizes or 
shapes and their applications in food industry. Many of these methods rely on 
heating globular proteins in relatively dilute solution and at extremes of pH, 
particularly whey protein (Schmitt et al., 2010; Schmitt & Ravaine, 2013).   
 
(a)                                      (b) 
Figure 1-1. Illustration of particles stabilizing the oil droplets at the O/W 
interface either via (a) Pickering particles or (b) Microgel particles. 
(Figure from Rayner, 2015) 
 
Microgel particles can also be synthesized from polysaccharide-derived 
sources: plants (e.g., starch, cellulose, pectin, gum arabic), animals (e.g., 
chitosan, gelatin), bacteria (e.g., xanthan gum, gellan gum) and algae (e.g., 
carrageenan, alginate). In their recent reviews, Dickinson (2015) and Rayner 
(2015) discussed some microgel particles derived from starch with different 
particle sizes and application in foods as emulsion stabilizers via Pickering 
stabilization in their native granular state or for lipid encapsulation in partially 
gelatinized state. Microgel particles formed using hydrocolloids have also been  
reviewed by Burey et al. (2017) which encompassed their usage in food 
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applications not only limited as gelling agents and stabilizers or texture 
modifiers, but also as controlled release agents.   
The present study focuses on the microgel particles constructed from 
alginate and a cross-linker of Ca2+. Ca-alginate microgel particle production has 
been a much studied research area because they are biodegradable, 
biocompatible, non-toxic, and can be produced in less harsh processing 
conditions (George & Abraham, 2006; Gombotz & Wee, 1998; Kailasapathy, 
2006; Paques, 2015; Shilpa, Agrawal, & Ray, 2003). Once they have been 
formed, the microgel particles can be extremely resilient, e.g., to boiling and 
shear, and they also have the added advantage of being sensitive to acid and 
Na+ which can be useful in digestion phase. Paques (2015) categorized the 
alginate microgel applications either as capsule (nutrients, proteins, drugs), or 
carrier (cells, enzyme, etc.), as a building block of new structure. For example, 
alginate microgel particles have been favoured as encapsulating agents for oral 
delivery of protein or peptide drugs (George & Abraham, 2006), ibuprofen drug 
(Caballero et al., 2014), probiotic (Anal & Singh, 2007; Kailasapathy, 2006), 
and scaffolds in tissue engineering (Augst et al., 2006; Eiselt et al.,, 2000; Kuo 
& Ma, 2001).  
The alginate microgel particles can also be formed in conjunction with 
other biopolymers, for example: 
(i) Chitosan - to deliver the antibiotic of nisin, proteins of ovalbumin, BSA, 
and insulin, lipophilic turmeric oil and curcumin (Anal et al., 2003; 
Cegnar & Ker, 2010; Chandrasekar, Coupland, & Anantheswaran, 
2017; Das, Kasoju, & Bora, 2010; Goycoolea, Lollo, & Remun, 2009; 
Lertsutthiwong, Rojsitthisak, & Nimmannit, 2009). Additionally, chitosan 
is claimed to improve the stability of the microgel particles and reduce 
the pore size (Paques et al., 2014). Moreover, the cationic property of 
chitosan forms an ionic interaction  with the negatively charged mucin, 
hence its mucoadhesion property is enhanced (Acosta, 2009; 
Semenova & Dickinson, 2010). 
(ii) Carrageenan - to deliver betamethasone (Mohamadnia et al., 2007). 
The addition of sulphate groups from the carrageenan chain provides 
greater resistance in swelling as affected by saline solutions. 
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(iii) Gellan – to fabricate 3D structure of scaffolds (Akkineni et al., 2016). 
Addition of gellan indicated an increase of gel stiffness and thus gave a 
positive impact in shape conformity and also exhibited a lower degree of 
swelling compared to pure alginate in the composite scaffolds. 
Ca-alginate microgel particles are extremely simple to prepare. The 
calcium cross-bridging is very strong, thus by simply dripping or spraying 
alginate solution into a calcium ion solution will give ‘instantaneous’ 
solidification of the alginate droplet in the calcium solution (Brun-Graeppi et al., 
2011; Quong et al., 1998).  Such methods have been reviewed by Shilpa, 
Agrawal, & Ray (2003) and more recently by Paques et al. (2014). Anal et al. 
(2003) delivered bovine serum albumin protein loaded into chitosan alginate 
beads with sizes from 0.46 mm to 0.66 mm using a 27 gauge blunt ended 
needle. Ouwerx et al. (1998) also produced the beads via the same method 
with a syringe needle, and the particle size was in the millimetre scale, ranging 
from 2.4 mm to 3 mm. Won et al. (2005) was successful in immobilizing 
bacterial lipase using the alginate gel particles with the sizes around 1 mm to 3 
mm produced by a drop-wise method. However, such simple preparation 
methods generally give rise to particles that are too large (typically no smaller 
than 25 microns) in terms of settling out of the particles, blending them into 
other ingredients and disadvantageous in terms of their effects of organoleptic 
properties where they are used in foods (Paques, 2015).  
Paques et al. (2014) reviewed a variety of techniques to produce smaller 
alginate microgel particles possessing a narrower size distribution (Figure 1-2). 
These variants generally involve modification of the spraying nozzles and shear 
fields in the receiving calcium bath, or modification of the forces between them 
via electric fields and/or mechanical vibration. It is not easy to control the 
spraying of alginate solution, which is rheologically complex; thus it is difficult to 
control and reduce the droplet size consistently before it contacts the calcium-
rich phase. The minimum gel particle size formed by these methods still tends 
to be of the order of tens of microns.  
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Figure 1-2.  Methods to produce alginate microgel particles 
(Figure from Paques et al., 2014).  
 
The advantage of smaller microgel sizes is that the release is more rapid 
based on diffusion mechanism or surface erosion due to greater specific 
surface area exhibited from smaller particles. There are other advantages of 
small size in terms of the ease of mixing and blending of smaller particles, their 
lower tendency to settle or aggregate, plus their access to narrower capillaries 
and junction zones, or the relative ease with which they may be able to cross 
other biopolymer barriers, such as the mucin layers coating the gut and other 
epithelial surfaces (Acosta, 2009).   
Various methods have been developed to try to produce increasingly 
smaller particles. The microfluidic method is another common technique to 
produce monodispersed micrometre- to nanometre-sized Ca-alginate microgel 
particles as reviewed by McClements (2017) and Seiffert (2013), however the 
challenge is on how to scale up the production with such limited channels. The 
highest throughput of microfluidic device with 15 channels has been developed 
by Romanowsky et al. (2012) with the yield of 1.5 kg in 5.2 kg of microgel 
suspension per day (flow rate: 215 ml.h-1). Another route is via emulsification or 
microemulsion phases (Machado et al., 2012) by first solubilizing the alginate 
and calcium into separate water-in-oil (W/O) emulsion and then mixing the two. 
Microemulsions require considerable amounts of surfactant to form the droplets 
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and the W/O emulsion route requires some method of initiating the slow 
release and diffusion of calcium ions from the other phase to gel the aqueous 
droplets containing the alginate (Amici et al., 2008; Poncelet et al., 1992). 
Recently Paques et al. (2013) described a method where calcium nanoparticles 
dispersed in the oil phase act as the source of cross-linking ions under 
relatively mild pH, resulting in particles of around 1 µm and even as low as 200 
nm. Their method has the merit of being one of the least elaborate methods 
that may provide a route to making large quantities of truly micron or sub-
micron particles. Here, we present an even simpler method via Leeds Jet 
Homogenizer (LJH), requiring no oil phase whatsoever, and therefore no need 
for subsequent oil removal. This instrument exists in a batch-to-batch system 
for a small scale production and in a continuous-cycle system for the possibility 
of a large-scale production.  
Most Ca-alginate microgel particle formation techniques involve 
complicated processing steps in producing small particles or otherwise use 
simple techniques yielding large particle sizes. Thus, this study contributes to 
the production of submicron Ca-alginate microgel particles via a simple one-
step approach using an in-house built Leeds Jet homogenizer. This study also 
explores the encapsulation of protein biopolymers (lactoferrin and lysozyme), 
solid particles of polyphenol and carotenoid crystals, and small molecules of 
food dyes into the Ca-alginate microgel particles. 
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1.2 Research Aims 
The objectives of this study are as follows: 
1. To produce submicron Ca-alginate microgel particles using a jet 
homogenizer. 
2. To investigate the ingredients and processing parameters in controlling 
the microgel particle sizes. 
3. To examine the rheological properties of Ca-alginate microgel 
suspensions. 
4. To utilize these microgel particles for encapsulation of water-soluble 
(dyes and proteins) and water-insoluble compounds (rutin, tiliroside, 
curcumin, β-carotene). 
5. To determine the microgel yield, payload, and loading efficiencies from 
the encapsulation.  
1.3 Plan of thesis 
This thesis comprises a continuum of research studies from the 
synthesis of microgel particles to the characterization and utilization of the 
microgel particles for encapsulation purposes. The following synopsis of each 
chapter outlines the scope of this study: 
Chapter 1 – This provide literature review about alginate physical properties 
and its applications as microgel particles in food systems and in the 
pharmaceutical industry.  It also expands the objectives of this study. 
Chapter 2 – This chapter discusses the materials and methods used to 
formulate the Ca-alginate microgel particles. The detailed processing 
parameters in the production of the microgel particles via the LJH will also be 
outlined in chapter.  
Chapter 3 – This results and discussion chapter outlines factors that affect the 
Ca-alginate microgel particle sizes, the microgel particle separation, and 
characterization via light scattering and microscopy techniques.  
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Chapter 4 – This chapter explores the potential encapsulation ability of the 
microgel particles in entrapping the water-insoluble crystals of polyphenols and 
β-carotene as a delivery system for water-insoluble health-benefit compounds.   
Chapter 5 – This chapter looks into the possibilities of the entrapment of dyes 
and surface adsorption of lactoferrin and lysozyme onto or into the microgel 
particles. 
Chapter 6 – This chapter provides concluding remarks including 
recommendations for future work. 
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1.4 Backgrounds 
1.4.1 Alginate and the gelation with cations 
Alginate originates from brown algae (Phaeophyceae), specifically the 
species of Laminaria hyperborea, Macrocystis pyrifera, and Ascophyllum 
nodosum (Gombotz & Wee, 1998b). It can also be synthesized by bacteria, 
mostly isolated from Pseudomonas aeruginosa and Azotobacter vinelandii 
because these bacteria are able to exude a polysaccharide biofilm (Draget, 
2009; Pawar & Edgar, 2012). The current commercial available alginates are 
mostly sourced from algae rather than bacteria (Pawar & Edgar, 2012). 
 
Figure 1-3. Alginate structures in G-G or M-M or G-M configurations                        
(G: guluronate residue; M: mannuronate residue). 
(Figure from Agulhon et al., 2012) 
Alginate is a linear unbranched polysaccharide constructed with random 
block polymers of β-D-mannuronate (M) and α-L-guluronate (G). The molecular 
arrangements can be in homopolymeric (G-G or M-M) and heteropolymeric 
forms (G-M) (Agulhon et al., 2012; Pawar & Edgar, 2012), see . The molecular 
weight of alginate varies from 32,000 to 400,000 kDa depending on the 
composition of the guluronic and mannuronic, which are dependent on the 
algae species (Augst et al., 2006; Lee & Mooney, 2012). Lower mass of 
alginates can also be achieved via acid hydrolysis or degradation with 
hydrogen peroxide (H2O2) as methods outlined by Ramnani et al., 2012. Li et 
al. (2010) prepared low Mw of alginate via H2O2 degradation and the 𝑀𝑤 of 
alginate was reduced from 254.5 kDa (native state) to 12.2 kDa (oxidized 
state). The M/G ratio plays an important role in the alginate gelation. The higher 
the guluronic acid concentration (smaller M/G) ratio provides a more rigid gel 
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structure and the high M/G ratio alginate gives rise to a more elastic gel 
structure (Augst et al., 2006; Draget, 2009; Zhao et al., 2011). 
Alginate can form a gel via ionic and acid gelation. In ionic gelation, it 
occurs due to electrostatic interaction of the negatively-charged COO- in the 
guluronate chains with cations. The pKa of guluronic and mannuronic acids are 
at pH 3.65 and 3.38, respectively (Draget, Skjåk Bræk, & Smidsrød, 1994), 
thus alginate is considered as an anionic polysaccharide at neutral pH. The 
guluronate residue was mainly responsible for ionic gelation. While in acid 
gelation at a pH below the pKa, alginate can turn into an acid gel (Draget, Skja, 
& Smidsrød, 1997).  
The gelation of alginate Ca2+ is known to form an ‘egg box’ junction, which 
is a term coined by Grant et al. (1973) to illustrate the arrangement formed 
when calcium ions interact with blocks of guluronic acid residue in alginates. 
Braccini & Pérez, 2001 confirmed the ‘egg box’ model was favourable 
energetically and structurally for guluronic acids in alginate because of the 
formation of compact dimers that produced well adapted cavities to fit in Ca2+ 
ions (Braccini & Pérez, 2001) with a binding ratio of 4:1 of guluronate to 
calcium ions, see Figure 1-4. A minimal block of eight contiguous guluronate 
residues in the alginate chain is required to form a stable junction zone, which 
is also referred as a cooperative model for this formation (Stokke et al., 1991).  
 
Figure 1-4.  Schematic drawing of egg box junction between Ca2+ with 
the carboxylic group of guluronate chain in alginate. (Figure from 
Braccini and Perez, 2001) 
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Calcium is not the only ion responsible for the gelation of alginate; it can 
be extended to other cationic ions. Ouwerx et al. (1998) studied the affinity of 
alginate with other cations and showed the following binding affinity: Cd2+ > 
Ba2+ > Cu2+ > Ca2+ > Ni2+ > Co2+ > Mn2+ (stronger gel was formed as binding 
affinity with cations was increased). Alginate will not form gel with Na+ and Mg2+ 
ions (George & Abraham, 2006), thus they can be used as a non-gelling ions to 
rupture the Ca-alginate microgel via ion replacement (Brun-Graeppi et al., 
2011). Although binding with Ca2+ is not the strongest affinity with alginate, it 
has been predominantly used for food applications because it is food grade, 
non-toxic, readily available, and low cost (Paques, 2015). The uniformity of 
alginate microgel particle shape is also dependent on the type of cations used 
to cross-link. Ouwerx et al. (1998) observed that alginate microgel particles 
formed from calcium ions were more uniform in shape than those formed using 
copper ions. According to their observations, the higher the affinity of cations 
with alginate, the more rough surfaces the beads formed and the less uniform.   
In designing the microgel particles as outlined by McClements (2017), 
the particle gelation step is one of the primary steps to form the microgel 
particles. The gelation mechanism of carboxylate groups in alginate with Ca2+ 
(ionic gelation) can be further classified as external and internal gelation. In 
external gelation, Ca2+ ions diffuse into the alginate phase from outside into the 
inside of alginate structure, thus creating a concentration gradient of Ca2+ 
higher on the surface than the core of the microgel particles (Paques, 2015). 
Most of the microgel particles formed via dropwise methods or syringe methods 
are formed via external gelation, which is considered to be a fast gelling 
method. In internal gelation, Ca2+ is introduced slowly either via insoluble form 
of calcium source, such as CaCO3, aided with GDL to gradually lower the pH 
and release the Ca2+ to trigger in-situ gelation (Paques, 2015). Emulsification 
methods or some microfluidic methods mostly rely on this internal gelation to 
form the microgel particles, which is claimed to be a more homogenous 
gelation due to even distribution of Ca2+ in the alginate phase but prone to 
syneresis (Paques et al., 2014). 
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1.4.2 Flash nanoprecipitation method via Leeds Jet Homogenizer 
as a microreactor  
In principle, there are two main approaches to produce biopolymer-
based microgel particles which are either classified as ‘top down’ or ‘bottom up’ 
methods, see Figure 1-5. The top down approaches start with bulk solid or 
liquid materials that are broken down into smaller particles; examples of such 
methods are shredding, milling or grinding, homogenization to produce 
emulsion, and extrusion (Joye & McClements, 2014). While in the bottom up 
approaches, small building blocks of particles are involved in creating larger 
particles via a self-assembly mechanism influenced by external conditions such 
as pH, ionic strength and temperature (Joye & McClements, 2014). Examples 
of such methods are precipitation, coacervation, inclusion complexation and 
fluid gel formation (Joye & McClements, 2014). Despite numerous methods for 
producing these biopolymer-based microgel particles, the key selections in 
choosing the most compatible method will depend on the biopolymer charges, 
solubility, usage of surfactant and physical state of the microgel. For industrial 
interests, methods that are cost efficient, generate high-production output, ease 
of handling and cleaning, and low energy-consumption are preferable for 
commercialization. 
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Figure 1-5. Different approaches to produce biopolymer-based microgel particles, i.e., top down or bottom up methods. 
(Figure from Joye & McClements, 2014) 
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The LJH is essentially a confined impingement jet T-mixer that serves as 
a microreactor to form microgel particles via the ‘Flash Nanoprecipitation’ 
method (Johnson & Prud'homme, 2003), see Chapter 2 – Methods section. 
The basic steps that are involved in the flash nanoprecipitation consist of 
nucleation, molecular growth, and aggregation or agglomeration, which are 
driven by the degree of supersaturation of the solute (Marchisio, Rivautella, & 
Barresi, 2006). The nucleation rate (𝐵𝑜⁡) is related to the degree of 
supersaturation (𝑆) via the following Eq.1-1 (Matteucci et al., 2006): 
𝐵𝑜⁡∞exp(−
16𝜋𝛾3𝑉𝑀
2𝑁𝐴
3⁡(𝑅𝑇)3(ln(1 + 𝑆))2
) 1-1 
where 𝛾 is the interfacial tension, 𝑉𝑀 is the molar volume, 𝑁𝐴 is the Avogadro’s 
number, 𝑅 is the ideal gas law constant, and 𝑇 is the temperature. The higher 
the degree of supersaturation, the higher the nucleation rate.   
The nucleation rate is the key in controlling the particle size (Dirksen & 
Ring, 1991). Primarily, nucleation is classified as either (i) homogenous – 
occurs without the presence of a solid interface, or (ii) heterogeneous – occurs 
in the presence of a solid interface of foreign seed (Dirksen & Ring, 1991). In 
homogenous nucleation, the supersaturated solute molecules at a critical 
number are combined to form the ‘embryo’ (Dirksen & Ring, 1991). In 
heterogeneous nucleation, the presence of foreign seeds help to lower the 
surface tension of the ‘embryo’ being formed, thus new particle can be formed 
at lower supersaturation point (Dirksen & Ring, 1991). The stable embryo is 
known as nuclei. Nuclei can continue to grow to become larger particles 
referred to as a ‘molecular growth process’. Marchisio et al. (2006) explained 
the process of nucleation, molecular growth, and aggregation of barium 
sulphate nanoparticles formation in a confined impingement jet (CIJ) reactor.   
Nucleation and molecular growth are competing processes because 
both consume solute molecules, thus the result of this competition determines 
the particle size. The higher the nucleation rate, that is, when more solute 
molecules are used up for nucleation process rather than for molecular growth, 
the smaller the particles that are generated. In the aggregation or 
agglomeration processes, it occurs after the particles are formed, and no 
 
 
15 | P a g e  
 
uptakes of solute molecules are required; thus the particles size is affected by 
the Brownian motion and the balance between the intermolecular forces such 
as Van der Waal, electrostatic, or hydrophobic. Therefore, the chemical 
constituents and the mixing device to produce the particles are important in 
determining the particle size. The higher the mixing rate the higher the 
nucleation rate will be obtained, thus the smaller the particles that are created 
(Marchisio et al., 2006).   
The processes of nucleation, molecular growth, and aggregation in agar 
and alginate microgel particle formation have been observed by Fernández 
Farrés & Norton (2014) and Norton, Jarvis, & Foster (1999) based on 
rheological measurements of controlled gelation mechanisms for both 
biopolymers. Fang et al. (2007) also proposed that 3-step processes were 
involved in the binding process of Ca2+ to alginate: (i) nucleation of a single 
guluronate unit with Ca2+ to form monocomplex, (ii) molecular growth of 
dimerization of ‘egg box’ junction zone from these pairing monocomplex (iii) 
aggregation due to the association of multimers to form clusters. Understanding 
of the mechanism of Ca-alginate gelation provides an insight on how the 
microgel particles are being formed and what factors determine the particle size 
during mixing in the jet homogenizer.  
In flash nanoprecipitation, a rapid mixing occurs in the jet homogenizer. 
The key factor in generating this rapid mixing is the presence of a region of 
high energy dissipation. A high turbulent flow rate is generated from jet 
homogenizer with a high Reynold number estimated at around 1x105 (Burgaud, 
Dickinson, & Nelson, 1990; Casanova & Higuita, 2011). At such a high 
turbulent flow, the molecules come into contact rapidly, thus the mixing time is 
very small, i.e. within a millisecond timescale for solid phase formation 
(Casanova & Higuita, 2011).  
The Damkohler number (𝐷𝑎), which is defined as the ratio of mixing time 
(𝑡𝑚) to the reaction time (𝑡𝑟) for a chemical reaction to occur, is used as a 
reference parameter to characterize the particle formation. When 𝐷𝑎 <1, that is, 
the mixing time is faster than the reaction time, nanoparticles can be generated 
(Casanova & Higuita, 2011; Johnson & Prud'homme, 2003). A few examples of 
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these nanoparticles formation at 𝐷𝑎 <1, such as 80 nm of barium sulphate 
nanoparticles (Marchisio et al., 2006), 55 nm of β-carotene nanoparticles (Han 
et al., 2012), and < 300 nm of itraconazole drug nanoparticles (Matteucci et al., 
2006). Casanova & Higuita (2011) adopted the same principle by using the jet 
homogenizer to produce 100 nm CaCO3 nanoparticles formed by the rapid 
precipitation of sodium carbonate and calcium chloride. Sodium caseinate was 
added to stabilize the nanoparticles electrostatically to prevent them from 
aggregating after homogenization. The precipitation method as mentioned 
above is essentially an extension of the bottom-up approach in constructing the 
nanoparticles. However, the jet homogenizer can also be applied for a top-
down approach, e.g. Matsumiya & Murray (2016) recently produced soy protein 
isolate microgel particles (d4,3 from 31 to 84 µm) by breaking down its macrogel 
structure via this method. 
This jet homogenizer method can be potentially more advantageous 
compared to other methods in terms of operation, cleaning, and cost because it 
is a low-energy consumption technique with no complicated operating system, 
high reproducibility, and fast processing time (Han et al., 2012; Marchisio et al., 
2006). A possibility of scaling up is also prominent for industrial applications. 
The usage of computational fluid modelling has been studied by Gavi, 
Marchisio, & Barresi (2007) to simulate mixing and reaction time scales of 
barium sulphate nanoparticles in a confined impinged jet reactor for scaling-up 
purposes.  
1.4.3 Encapsulation of water-insoluble and water-soluble 
compounds in Ca-alginate microgel particles 
Encapsulation technology is undergoing continuous research, due to its 
ability to enhance the availability of bioactive or functional ingredients. It helps 
to protect the encapsulated compounds to reach the desired sites for a 
controlled release either via fragmentation, erosion, diffusion or swelling 
(McClements, 2017). Microgel particles can offer a perfect vehicle to deliver 
such functions, encapsulating a variety of compounds ranging from small 
molecules, solid particles or liquid droplets, structured micelles or vesicles, and 
so on, as illustrated in Figure 1-6 (McClements, 2017). Emulsion filled microgel 
particles are one of the examples of these filled microgels that have recently 
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been reviewed by Torres, Murray, & Sarkar (2016) as a platform to deliver 
lipophilic molecules.   
 
Figure 1-6. Microgel particles can be filled with variety forms of 
compounds. 
(Figure from McClements, 2017) 
 
For pharmaceutical applications, encapsulation is able to deliver the 
drug in a protected manner against any degradation from enzymes or acid 
attacks before its delivery to the desired specific sites. According to Gombotz & 
Wee (1998), alginate is commonly used as drug delivery system because it 
exhibits some mucosadhesive property to adhere with mucosal tissues, such 
as the digestive tract and nasopharynx.  Although mucin has a net negative 
charge, it also has some positive charge regions comprised of histidine, lysine 
and arginine which may serve as potential sites for electrostatic mucin-alginate 
interaction (Nordgård & Draget 2011). Nevertheless, mucin-polysaccharide 
interaction is a complex phenomenon, not only governed by the electrostatic 
interactions of charged-contrast groups, but also determined by many other 
factors such as 𝑀𝑤, charge density, and chain flexibility, as revealed by 
Menchicchi et al. (2015). For food applications, the success criteria in 
encapsulation technology is to ensure the encapsulated compounds can be 
incorporated into the food matrix without degrading the quality attributes 
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(McClements, 2012). Thus, it is important to understand the compounds to be 
encapsulated at molecular level, to elucidate the benefits of encapsulation of 
these compounds for food applications, and to review existing encapsulation 
techniques presently available that elect alginate biopolymer to protect these 
compounds.  
1.4.4 Water soluble lactoferrin and lysozyme encapsulation 
Lactoferrin is commonly found in cow’s and human milk with the 
reported concentrations of 0.1–0.4 mg.ml-1 and 1–3 mg.ml-1, respectively 
(Wakabayashi, Yamauchi, & Takase, 2006). The usage of cow’s milk derived 
lactoferrin, i.e. bovine lactoferrin, is permitted as a nutritional supplement 
because it is recognized as GRAS (Generally Recognized as Safe) ingredient 
by the US Food and Drug Administration (Wakabayashi et al., 2006). 
Lactoferrin is a globular protein with 𝑀𝑤 of 80 kDa and known as iron-binding 
glycoprotein with two molecules of Fe3+ present in the two lobes as shown in 
Figure 1-7 for its chemical structure (Baker & Baker, 2005; Lonnerdal & Iyer, 
1995). The two lobes are prone to be thermally denatured at 61 oC and 93 oC 
(Bengoechea, Peinado, & McClements, 2011). The pI of lactoferrin is reported 
at pH of 8.5 which makes it positively charged at neutral pH (Peinado et a., 
2010).   
 
 
Figure 1-7.  Lactoferrin structure in 3D ribbon diagram and the 
enlargement of one of the lobes with Fe3+ ion shown in the domain. 
The basic residues of arginine and lysine are highly exposed on 
the surface of the N-lobe (R 210, R121, and K301).  
(Figure from Baker & Baker, 2005) 
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The ability of lactoferrin to withhold some iron has enhanced its  
antibacterial property by sequestering iron from iron-requiring bacteria, for 
example E.coli 0-111 (Lonnerdal & Iyer, 1995). In addition, lactoferrin health 
benefits are extended to be used as immunomodulatory activity, anticancer, 
anti-inflammatory, etc., as reviewed by (Lonnerdal & Iyer, 1995; Wakabayashi 
et al., 2006). The method to purify lactoferrin, commonly from whey protein, is 
considered expensive due to low recovery using the mainstream technique of 
ion-exchange column chromatography (Noel, Prokop, & Tanner, 2002; 
Wakabayashi et al., 2006), but yet its versatility is on the rise. In addition, 
generally high oral dose of lactoferrin is required for disease treatments; for 
example, high oral dose from 1.8 g.day-1 up to 7.2 g.day-1 in a human clinical 
study for hepatitis C patients (Okada et al., 2002). Thus, the needs to 
encapsulate this high-cost lactoferrin in a concentrated form is demanded by 
food and pharmaceutical applications to ensure its efficacy is delivered. 
There are many research studies about lactoferrin inclusion either via 
complexation with alginate alone or alginate/chitosan by exploiting the charge 
contrast from anionic alginate and cationic lactoferrin. Inclusion of 20–30 wt.% 
lactoferrin in chitosan/alginate/calcium complex microgel beads with the size of 
1–3 mm was successfully loaded by Onishi et al. (2010). The initial release 
burst up to 60 % lactoferrin in the gastrointestinal tract was attributed to the 
lactoferrin present on the surface of the microgel, thus coating with chitosan 
helped to prolong the release (Onishi et al., 2010).  Bokkhim et al. (2016) 
produced Ca-alginate microgel beads without chitosan coating with a size 
range of 2.5–3.1 mm containing different forms of bovine lactoferrin, i.e., apo-, 
native-, and holo- lactoferrin via the extrusion-gelation method. Alginate alone 
(without added Ca2+) can also form submicron particles via electrostatic 
complexation with lactoferrin as exploited by Peinado et al. (2010), but they are 
unstable to high salt concentration, and prone to aggregation. The stability was 
improved as lactoferrin was used to coat oil droplets and then later alginate 
was deposited onto the surface of these lactoferrin coated oil droplets (Tokle, 
Lesmes, & McClements, 2010). Lactoferrin on its own can be used as a cage 
or a nanocapsule to trap other materials. There are some developments of 
lactoferrin vesicles or nanoparticles to encapsulate β-casein (McCarthy et al., 
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2014), β-carotene (Chen et al., 2014), and anthocyanin (Zhang et al., 2014). 
Some of these methods mentioned above produced large microgel particles in 
the order of millimetre scale, while other methods to produce smaller particles 
in submicron scale required multiple steps of emulsification or complexation.  
Lysozyme is a globular protein with 𝑀𝑤 of 14.3 consisting of 129 amino 
acid residues with pI around 11 with its highest source from hen’s eggs, i.e., 
about 3.5 % of total egg white proteins (Dismer & Hubbuch, 2007; You et al., 
2010). Its chemical structure is shown in Figure 1-8, with high basic residues of 
lysine and histidine, but also contains some tryptophan residues and the lobes 
are glued with disulfide linkages (Wu et al., 2008).  
 
Figure 1-8. Lysozyme structure in (a) 3D diagram with the red spots 
indicate the presence of basic lysine residues on the surface (b) 
ribbon diagram. 
Figures from (a) Dismer & Hubbuch (2007); (b)  Wu et al. (2008) 
 
Lysozyme has a long history being used as a natural preservative in 
foods, its bacteriolytic property works by disrupting the peptidoglycan of 
bacterial cell wall (Liburdi, Benucci, & Esti, 2014). Examples of lysozyme 
preservative functions as an effective inhibitor for pathogens and putrefactive 
bacteria, such as Listeria monocytogenes in meat products (Hughey, Johnson, 
& Wilger, 1989), Clostridium perfringens in chicken intestine (Liu et al., 2010) 
Clostridium tyrobutyricum causing late blowing during cheese ripening 
(Schneider, Becker, & Pischetsrieder, 2010), lactic acid bacteria in wine and 
(b) 
(a) 
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beer production (Liburdi et al., 2014). It also has a wide range of applications in 
pharmaceutical for human-milk resemblance in infant-formula, tooth decay 
prevention, anti-oxidant and anti-cancer properties as reviewed by Proctor, 
Cunningham, & Fung, 1988; You et al. (2010). Thus, encapsulation of 
lysozyme for anti-bacterial coating, enzyme immobilization, and drug delivery 
purposes has been extensively studied. 
Utilizing the charge contrast that exists between cationic lysozyme and 
anionic alginate, many methods of protein inclusion in the alginate matrix rely 
on this complexation. Wells & Sheardown (2007) produced lysozyme 
encapsulated within alginate microgel particles via drop-wise method in a Ca2+ 
bath solution. A partial dissolution of microgel particles was initiated by using 
0.1 N NaCl, then lysozyme was loaded by soaking the microgel particles into 
the protein solution. Fuenzalida et al. (2016) investigated the effect of alginate 
M/G ratio, 𝑀𝑤 and molar charge ratio alginate to protein in the formation of 
lysozyme-alginate nanoparticles. Their study provided an insight about the 
capability of alginate in cross-linking with lysozyme increasing as the chain 
length of alginate was increased, i.e., more lysozyme were retained at higher 
𝑀𝑤 of alginate. Lysozyme appeared to be folded into the alginate network 
rather than tightly cross-linked at lower 𝑀𝑤. Addition of calcium ions to increase 
the rigidity of the polymer chain aided its ability to cross-link with more 
lysozyme.  
The lysozyme-alginate complexation is not just limited as nanoparticle or 
microgel particles conformation, but can also be extended as thin film  which 
was recently studied by Amara et al. (2016) to produce an antimicrobial film 
against some gram positive bacteria. Owing to its excellent foaming properties, 
lysozyme microbubbles are another interesting type of microgel application for 
foods and biomedical applications. Lysozyme on its own has also been used as 
the ‘shell’ structure to encapsulate negatively charged ascorbic acid (pKa of 4 
and 11.3) by utilizing its cationic property with ζ–potential of 40 ± 3 mV at pH 7 
as measured by Cavalieri et al. (2013). The lysozyme microbubble can also be 
stabilized using alginate via the microfluidic method as explored by Park, 
Tumarkin, & Kumacheva (2010). 
 
 
22 | P a g e  
 
Such a wide range of studies of lysozyme and lactoferrin inclusion in 
alginate biopolymer has provided many success stories of protein 
encapsulation. To our knowledge, the methods of protein incorporation in the 
alginate microgel particles have not been investigated using the jet 
homogenizer method presented in Chapter 2. 
1.4.5 Water-soluble dyes erioglaucine and methylene blue dyes 
encapsulation 
Erioglaucine, an organic acid aminotriphenylmethane dye, is also known 
as Acid Blue 9 which is commonly found in food, cosmetic, and pharmaceutical 
products (Jank et al., 1998). It is an anionic dye at neutral pH due to the 
presence of sulfonate groups.  Erioglaucine has a high extinction coefficient, ε 
= 2.14 X 105 mol-1.dm3.cm-1 at 630 nm (Barakat et al., 2001; Jank et al., 1998) 
which is useful as a dye for tracing the water pathways in clayed soil (Flury & 
Markus, 2003). There are a growing public concern about the environmental 
pollution caused by low-biodegradable dyes because they can have a 
detrimental ecological impact (Liu et al., 2008).  In the pharmaceutical industry, 
it is a common practice to use erioglaucine as a standard solution (at 
concentration of 2 g.l-1) to be treated with sodium hypochlorite (NaOCl) until it is 
decolourized before discarding it into the sewerage system (Jank et al., 1998). 
However, this treatment introduces side products of chlorine derivatives, thus 
some extensive studies have investigated the entrapment of the dyes into gels 
or beads of synthetic polymers as a possible way to remove them from 
wastewater streams (Liu et al., 2008).  
Methylene blue is a versatile dye used as a biological stain for bacteria 
(Misra et al., 1994), as a marker for diagnosis of oral cancer (Riaz et al., 2013), 
a drug treatment for malaria (Meissner et al., 2006), and a textile dye (Davies, 
1963). Due to its heavy usage, the removal process of the dye from wastewater 
is an on-going effort to minimize contamination into natural sources as in 
erioglaucine dye. Methylene blue belongs to phenothiazinium group which is a 
cationic dye at neutral pH (Hossain, Kabir, & Suresh Kumar, 2012). According 
to Duman et al. (2016), the negative heath impact of cationic dyes in 
wastewater is more prominent because it can potentially bind with the 
negatively charged cell membrane surfaces (Duman et al., 2016). Despite that, 
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methylene blue nanoencapsulation can be useful for cancer therapy, called 
‘Photodynamic therapy’ which employs photosensitizer compounds, such as 
porphyrins, chlorins, and phthalocyanines, including methylene blue, to 
produce reactive species of singlet oxygens that selectively and permanently 
damage tumour cells (Tang et al., 2004). Thus methylene blue encapsulation in 
Ca-alginate microgel particles will be presented in this study as a contribution 
to the expanding list of methylene blue applications. 
1.4.6 Water-insoluble polyphenolic compounds of rutin, tiliroside, 
curcumin, and carotenoid of β-carotene 
There is significant evidence that dietary intake of fruits, vegetables, 
coffee, tea, nuts and soy prevent chronic diseases owing to the presence of 
health promoting phytochemicals (Del Rio et al., 2013). The particular 
compounds of interest in this study are the flavonoids rutin and tiliroside, 
curcumin, and β-carotene.  
Rutin, also known as vitamin P, has a rich source in tartary buckwheat 
with a total content of 36.5 mg.g-1 in seeds and other edible parts of the plant 
as reported by Zhang et al. (2012). Its health benefits as an antioxidant, 
anticancer, anti-hypertension, and anti-inflammatory have been 
comprehensively reviewed by Giménez-Bastida et al. (2016) and Zhang et al. 
(2012). Tiliroside can be found in linden, strawberry and rosehip (Goto et al., 
2012). It possesses similar health functions to rutin and more recent findings 
have also shown the hepatoprotective effect against induced liver injury in mice 
(Matsuda et al., 2002) and anti-obese effects in normal mice and obese-
induced mice (Goto et al., 2012; Ninomiya et al., 2007). Both compounds are 
classified as glycosidic flavonoids attributed to the presence of sugar moieties 
in the flavonol backbone, i.e., rutinoside and glucoside+coumaroyl moieties in 
rutin and tiliroside, respectively (Luo et al., 2011). Both flavonoids have low 
solubility in water: 0.2 mM (Macedo et al., 2014) and 2.1 µm (Luo et al., 2012) 
for rutin and tiliroside in water, respectively. They also have low log10P, 0.27 
and 2.71 for rutin and tiliroside, respectively, thus their insolubilities in water 
make them as viable candidates as Pickering stabilizers, which have been 
demonstrated by Luo et al. (2012) for O/W emulsions. 
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Curcumin is commonly isolated from turmeric and has long been known to 
cure and prevent many types of illnesses. Prasad  et al. (2014) summarized 
over 6000 published articles about the health benefits of curcumin supported 
with clinical evidence, in which they called curcumin the ‘golden spice’ due to a 
wide range of protections exhibited. Curcumin is a planar polyketide chemical 
with aromatic end groups that which can undergo keto-enol tautomerism in 
alkaline conditions; at pH > 8 the enol form is more dominant than the keto 
form (Sharma, Gescher, & Steward, 2005). It has a log10P value of 3 (Jannin et 
al., 2015) and solubility in water only 0.25 mM at pH 8 (Tønnesen, 2006) .  
Despite such vast advantages of curcumin, its oral bioavailability is very low, 
thus many strategies have been employed to improve it (Prasad et al., 2014; 
Sharma et al., 2005). Curcumin-loaded nanoparticles have been used widely 
as functional ingredients in foods or drugs. The most recent development is by 
loading curcumin into solid lipid nanoparticles of stearic acid, with tripalmitin as 
the lipid core stabilized with Span 80 and Tween 20 emulsifiers (Behbahani et 
al., 2017). Another recent study by Zheng et al. (2017) compares curcumin 
delivery systems at pHs of 3 and 7 via aqueous DMSO solution, O/W emulsion, 
alginate beads, and chitosan beads. Their findings suggest that the suitable 
delivery system is determined by the final application of the curcumin particles, 
for examples, chitosan beads have better protection in neutral products or 
beverages and O/W emulsion droplets work best in acidic environments.  
β-carotene is the most commonly studied carotenoid because of its multi-
functionalities as a natural colorant and as an antioxidant, and anticancer drug 
for neuroblastoma and lung cancers, as reviewed by (Gul et al., 2015).  β-
carotene is a precursor of vitamin A, has demonstrated its protection against 
blindness initiated by age-related macular degeneration and cataract (Gul et 
al., 2015).  β-carotene is highly lipophilic with log10P value of 17 (León et al., 
2003), it contains eight isoprenoid units and can exist as cis- and trans-isomers 
(Mattea, Martín, & Cocero, 2009). It can also easily undergo oxidation via 
oxygen, temperature, light (Cao-Hoang, Fougère, & Waché, 2011). Thus, nano- 
or microencapsulation of β-carotene has been viewed as a way to protect it 
from these degradations (Gul et al., 2015). Astete et al. (2009) have 
successfully retarded the degradation of β-carotene caused by oxidation and 
 
 
25 | P a g e  
 
pH via encapsulation into 120 to 180 nm particles of Ca-alginate microgel 
particles with the addition of lecithin as a stabilizer to improve this natural 
pigment in water.  Zhang, Zhang, & McClements (2016) have also synthesized 
filled β-carotene in lipid droplet form in alginate hydrogel beads using a 
commercial encapsulator unit with particle sizes of 285 µm and 661 µm 
prepared from 0.5 % and 1 % alginate, respectively, soaked in a 10 % CaCl2 
solution. The result from their studies indicated that a reduction of the lipid 
digestion rate within the simulated small intestine phase in the encapsulated 
form versus the un-encapsulated β-carotene lipid droplets which implies the 
protection mechanism of the microgel particles in delivering it to the large 
intestine sites. The particle sizes also matter in digestion; the smaller the 
droplet size the higher the bioavailability which is attributed to a greater amount 
of lipase required per unit area of small versus big particle sizes (Salvia-Trujillo 
et al., 2013).  
In addition to the aforementioned protection benefits of nano- or 
microencapsulation, encapsulation can also  aid in masking unpleasant tastes 
(Fang & Bhandari, 2010; Zhao et al., 2010). Phenolic compounds are known to 
be intrinsically bitter, thus encapsulating them in microgel particles can be 
beneficial for food applications.  Moreover, efforts for ease of dissolution in 
hydrophilic beverage systems can also be achieved via formation of small 
microgel particle sizes; particle sizes of < 20 nm can easily be dispersed to 
create transparent beverages (Acosta, 2009). A high priority on developing 
foods or supplements that are enriched with the health-promoting 
phytochemicals is in a continual progression line. The most recent 
developments of nano- and microencapsulation as delivery systems are 
comprehensively reviewed by Souza et al. (2017).  
1.4.7 Microgel particles characterization 
Measurements or particle characteristics (i.e., size, shape, charge, 
rheology) are very important in determining the physicochemical and functional 
properties of the microgel particles or suspension (McClements, 2015). Many of 
these analytical tools for microgel characterisation have been employed as 
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analytical instruments for emulsion stability, which may be beneficial from an 
industry stand point to utilize them for multiple functions.  
1.4.7.1 Dynamic Light Scattering techniques (DLS) 
In their swollen state, the microgel particles are nearly transparent to the 
naked eye because their refractive index is close to that of water (Pelton & 
Hoare, 2011). Thus, it is a challenge to detect the particle size based on the 
refractive index (𝑛) contrast between the microgel particles and the dispersed 
medium (commonly water), unless they are filled with encapsulated materials 
with higher or lower 𝑛. However, these particles can still undergo Brownian 
motion, which can be useful for particle size detection based on mobility.  The 
smaller the particle, the more rapid the Brownian motion, and vice versa. 
Temperature can also have an effect; the higher the temperature, the more 
rapid the Brownian motion. The light scattering technique is a common method 
to measure particle size based on this principle. When the particles are 
illuminated with a laser beam, the intensity of the scattered light fluctuates at a 
rate dependent on the size of the particles (Nobbmann et al., 2007).  The 
smaller the particle, the more rapid the movement which leads to a faster rate 
of signal fluctuation. The velocity of the Brownian motion is defined by the 
translational diffusion coefficient (𝐷) which can be converted into particle 
diameter (𝑑𝐻) using Stokes-Einstein equation below (Nobbmann et al., 2007):  
𝑑𝐻 =
𝑘𝑏𝑇
3𝜋𝐷
 1-2 
where 𝑘𝑏 is the Boltzmann constant, 𝑇 is the temperature, and  is the viscosity 
of the dispersed medium. The overall particle diameter is referred as Z-
average, which is defined as the intensity-weighted mean diameter derived 
from the fitted particle size distribution. 
1.4.7.2 Zeta-potential measurement 
Generally, almost all microgel particles have some surface charges 
either positive or negative. The ζ-potential is a key measurement to determine 
the charges of the microgel particles as a response to the stimuli such as pH, 
ionic strength, and presence of charged neighbouring particles or cross-linker 
ions. Figure 1-9 provides an illustration of a single negatively charged particle 
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that is ionically bound with counter ions at the ‘Stern layer’.  The next layer is 
referred to as the ‘Diffuse layer’ which is populated by additional counter ions 
that are attracted to the negatively charged particle but repelled by the ions on 
the Stern layer. The Stern layer and Diffuse layer are usually known as the 
‘Double layer’ with the outer boundary of ‘Slipping plane’. The electrostatic 
potential at the Slipping plane is where the ζ-potential is measured.  
 
 
Figure 1-9. Schematic representation of a negatively charged particles 
and the presence of its ions at the ‘Diffuse layer’ and ‘Slipping 
plane’. 
(Figure from Malvern, 2011) 
 
The electrophoretic mobility (𝑈𝐸) of a particle describes the  velocity (𝑉𝑝) 
of a particle generated by a given electric field strength (𝐸𝑓), and is expressed 
by the following Eq.1-3. 
𝑈𝐸 =⁡
𝑉𝑝
𝐸𝑓
 
1-3 
The electric field strength can be calculated with known parameters of the 
applied voltage and distance between the electrodes, see Eq.1-4.  
𝐸𝑓 =
𝑎𝑝𝑝𝑙𝑖𝑒𝑑⁡𝑣𝑜𝑙𝑡𝑎𝑔𝑒
𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒⁡𝑏𝑒𝑡𝑤𝑒𝑒𝑛⁡𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒𝑠
 
1-4 
Stern layer 
Double layer 
Diffuse layer 
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The capillary cell Malvern DTS1061 had a distance of 6 cm, and applied 
voltage was 150 Volts, thus the electric field strength was about 25 V.cm-1.  
The electrophoretic mobility is related to ζ-potential via Henry equation 
(Eq.1-5) in which the ζ-potential is directly proportional to the electrophoretic 
mobility. 
U𝐸 =⁡
2𝜀⁡𝜁⁡𝑓(𝑘𝑎)
3𝜂
 
1-5 
where⁡𝜀⁡ is the dielectric constant, 𝜁 is the ζ-potential, 𝜂 is the viscosity of the 
dispersed media (i.e., water,⁡𝜂 = 8.9 x 10-4 Pa.s at room temperature), and 
⁡𝑓(𝑘𝑎) is the Henry’s function; 𝑓(𝑘𝑎) = 1.5 for dispersion in polar media based 
on the Smoluchowski approximation. The Smoluchowski approximation is 
based on the assumption that the double layer thickness is not larger than the 
particle diameter.  
1.4.7.3 Laser diffraction method 
 
Figure 1-10.  An illustration of different scattering patterns displayed a 
small (a) vs big particle (b) as illuminated by a laser beam.  
 
A laser diffraction method, also known as static light scattering, works 
differently than the Brownian motion principle in dynamic light scattering. It is a 
particle sizing method based on the light scattering pattern, i.e., intensity vs. 
scattering angle (McClements, 2015). As the light beam propagates through 
the microgel suspension, the scattering pattern behaves differently depending 
on the particle size, see Figure 1-10. The obtained scattering pattern data is 
converted into a particle size distribution (PSD) using a mathematical model 
Laser Laser 
θ 
θ 
(a) 
(b) 
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known as ‘Mie Theory’ with an assumption that the particles are homogenous 
spheres and the refractive indices of the particles and the dispersing medium 
are known. The concentration of the microgel particles in the suspension has to 
be diluted, i.e., < 0.1 wt.%, to avoid a multiple scattering effect (McClements, 
2015). 
The mean diameter of the measured particle size is usually expressed 
as d32 (also known as Sauter mean) and d43 (also called as the Debroukere 
mean) (Horiba Instrument Catalog, 2014). Depending on which weighting factor 
is used whether surface area (d32) or volume of the particles (d43), the 
equations to calculate these mean values are shown in the equations below 
(Berg, 2010). 
?̅?32 =⁡
∑𝑛𝑖𝐴𝑖𝑑𝑖
∑𝑛𝑖𝐴𝑖
 1-6 
?̅?43 =⁡
∑𝑛𝑖𝑉𝑖𝑑𝑖
∑𝑛𝑖𝑉𝑖
 1-7 
where 𝑛𝑖 is the number of particles  in class 𝑖, 𝐴𝑖 is the particle surface area or 
𝑉𝑖 particle volume in class 𝑖, 𝑑𝑖 is diameter of the 𝑖
𝑡ℎ particle. 
1.4.7.4 Light Microscopy 
Light microscopy is the most basic method to examine the surface of the 
microgel particles by reflected light. The instrument typically consists of a light 
source, a series of lenses, and an eyepiece or digital camera (McClements, 
2015). The resolution of the light microscopy depends on the wavelength of the 
light source (λ) and the objectives, i.e., 0.5λ for dry versus 0.33λ immersion 
objectives, respectively (Berg, 2010). Based on the λ, the resolution of light 
microscopy can be as low as 200 nm, but in practice objects that are < 1000 
nm are not easily detectable with this tool (McClements, 2015). Thus, many 
advancements of this method have been developed to provide more localized 
images based different chemical components within the samples, for example 
X-ray, Fourier transform infrared (FTIR) imaging and surface-enhanced 
resonance spectroscopy (SERS) imaging microscopy (McClements, 2015). 
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1.4.7.5 Confocal Light Scanning Microscopy (CLSM) 
The basic principle in CLSM is illustrated in Figure 1-11 where the entire 
specimen is illuminated by scanning one or more focused laser beams and the 
emitted light from the focal plane in the specimen is detected by a 
photomultiplier tube (PMT) through a detection pinhole (Struder-Kypke, 2013). 
The detection pinhole eliminates signals from out-of-focus light because the 
areas of non-focal planes are blocked by the pinhole. The signals are then 
transformed into electrical signals which are converted to images by the 
specific software and displayed on the computer screen. CLSM has a capability 
to generate three-dimensional (3D) images of structures without the need of 
complicated preparation and able to distinguish between two or more 
components using fluorescent dyes. For a colloidal delivery system, this 
specific feature of CLSM can be utilized to examine the spatial location of 
different components within the samples (McClements, 2015). It can also be 
used to examine the mass transport of a specific component within the 
microgel particles that can be tagged with an appropriate fluorescent dye 
(McClements, 2015). 
 
Figure 1-11. Schematic illustration to describe the principle of confocal 
imaging.  (Figure from Struder-Kypke, 2013) 
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1.4.7.6 Electron microscopy 
Electron microscopy can be used to assess the morphological, size, 
structural, and chemical properties of different materials.  Different types of 
microscopy techniques employed in this study to provide images of the 
microgel particles, these include SEM, environmental SEM (E-SEM), field 
emission (FE-SEM), and transmission (TEM).  
SEM is one of the most common electron microscope and typically uses a 
5-30 keV electron beam. The beam is focused to a fine probe and then 
scanned over the surface of the sample. The signals emitted from the scan are 
then collected by a detector and relayed to a computer to generate the images. 
SEM provides topological surface information about the sample over a 
relatively large area. In conventional SEM, samples are placed in a vacuum, 
thus the aqueous phase needs to be removed by drying or evaporation. For 
non-conductive samples like microgel particles, this can be a challenge but it 
can be overcome by coating the dried samples with conductive metals such as 
Pt or Au via sputter deposition. The metal coating prevents some charge build-
up which otherwise can cause thermal damage to the sample and image 
distortion. The Cryo-SEM required a cryogenic treatment to the sample to 
replace the water with the amorphous ice crystals which can minimize the 
artefacts or loss of structure during the imaging process (Davis, 2005). SEM 
that uses field emission guns (FE-SEM) has a spatial resolution in the order of 
2 nm and can be used to view images of individual particles within aggregate 
structure (Davis, 2005). In TEM, a thin specimen thickness is required (<1 µm) 
to allow the transmission of an electron beam. With the resolution in the order 
of 0.2 – 0.3 nm, TEM is a powerful technique to provide information not only 
about particle size, shape, and aggregation, but also the analysis of internal 
structure, chemical composition, and crystallographic information (Davis, 2005).  
All the methods mentioned above require either drying or lyophilisation 
treatments to the non-conductive microgel samples. E-SEM with a resolution of 
5 nm (Davis, 2005), allows the non-conductive wet samples to be imaged 
without the need of metal coating by using water vapour as a gas ionization 
detector in a moderate vacuum chamber (Berg, 2010). E-SEM may offer the 
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best solution if the hydrated state is a mandatory in characterising the microgel 
structure. 
1.4.7.7 Rheology measurements 
The rheology of microgel suspension has become a much discussed 
topic due to its diverse applications that can exploited in the area of food 
microstructure and soft matter systems. The unique property of the Ca-alginate 
microgel suspension, i.e., behaving solid-like at high concentration but 
remaining deformable, may enhance the sensory experience in mouth in 
replacing fat droplets and yet still maintain the microstructure of the original 
product (Fernandez Farres, Douaire, & Norton, 2013). The lubrication property 
of Ca-alginate microgel suspension (up to 4 %wt. microgel particles) was 
related to its tribology by measuring the friction coefficient as determined by 
(Farres et al., 2013).  They concluded from the viscosity of the microgel 
suspension and the particle elasticity, Ca-alginate microgel particles (< 10 µm 
in size) exhibited a high lubrication property which has a positive implication of 
replacing of oil droplet in O/W emulsion with the microgel particles to produce 
low fat products.   
 
Figure 1-12. Cone and plate geometry, where r = radius, θ = angle (in this 
experiment, θ = 1o), and y = gap distance. 
 
The rheological properties of alginate solution and microgel suspension 
were determined via a rheometer. The rheometer works on shearing principle 
between particular geometries. In the present study, the viscosity values of Ca-
alginate microgel suspension or alginate solutions were obtained via cone and 
plate geometry, see . This geometry offers some benefits in term of the minimal 
θ 
y 
r 
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amount of sample can be used and the shear rate can be kept constant across 
the whole gap because of the angle on the top plate (Braun & Rosen, 2000). 
This geometry is also suitable for measurement of shear thinning fluid such as 
alginate.  
From the known radius (𝑟), angle (θ), and the gap distance (y), the shear 
rate (𝛾) for small angle can be calculated via Eq.1-8 where 𝛺 equals to the 
angular velocity. 
𝛾 = ⁡
𝛺
𝜃
 1-8 
The torque (𝑀), which is a function of the shear stress (𝜏𝑟) at radius (𝑟), is 
defined by Eq.1-9 and rearrangement of the Eq.1-9 to Eq.1-10 will solve the 
shear stress (𝜏𝑟) at radius (𝑟). 
𝑀⁡ = ⁡ 𝜏𝑟 ⁡
2𝜋𝑟3
3
 1-9 
𝜏𝑟 ⁡⁡= ⁡
3𝑀
2𝜋𝑟3
 1-10 
the apparent viscosity (𝜂), which is the ratio of shear stress (𝜏𝑟) to the shear 
rate (𝛾), is defined as the following Eq.1-11: 
𝜂⁡ = ⁡
3𝑀𝜃
2𝜋𝑟3𝛺
 1-11 
 
Alginate solution is highly soluble in water and it exhibits a shear 
thinning behaviour in solution like other biopolymers. The viscosity of alginate is 
mainly dependent on the M/G ratio, as previously stated that the guluronic 
chain has higher degree of stiffness compared to the mannuronic chains. In 
addition, its natural origin whether bacterial or seaweed, also dictates some 
differences in the alginate rheological properties, especially in the flow 
behaviour and consistency which will determine the apparent viscosity 
(Clementi, Mancini, & Moresi, 1998; Mancini, Moresi, & Sappino, 1996). When 
alginate solution cross-linked with Ca2+ to form microgel particles, the microgel 
particles become insoluble (Jha et al., 2016) and they can be suspended either 
in the solutions consisting of free alginate or in a solvent such as water at 
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certain volume fraction (φ). According to Poon, Weeks, & Royall (2012) the 
quickest way to obtain φ is via centrifugation. The obtained sediment 
corresponds to the volume of the microgel particles and supernatant to the 
volume of the free water between the particle (Cassin et al., 2000). This 
method has been used by Cassin et al. (2000) and Fernandez Farres, Douaire, 
& Norton (2013) to determine φ of agar and alginate microgel particles. 
The rheological behaviour of microgel suspensions is a complex matter, 
depending on the particle φ, particle softness, particle size and shape, the 
viscosity of the base solution and presence of potential interaction forces from 
their surrounding environment (Ganguly & Chakraborty, 2009; Shewan & 
Stokes, 2012; Shewan & Stokes, 2015). At low φ (φ < 0.05), the viscosity of the 
microgel suspension follows the continuous phase (Ching, Bansal, & Bhandari, 
2016). The viscosity of microgel suspension (𝜂) at low φ follows the seminal 
Einstein equation (Eq.1-12). 
𝜂 = ⁡𝜂𝑠⁡(⁡1 + 2.5𝜑𝑜) 
1-12 
where 𝜂𝑠 is the viscosity of the solvent or the base fluid, φo is the effective 
volume fraction.  
At higher φ, the rheology of the suspension is determined by the particle 
softness (Ching et al., 2016). In hard sphere theory, the particle volume and 
size are fixed, thus particle mobility is depending upon the space confined by 
its nearest neighbours (van der Vaart et al., 2013). At high φ, the available 
space for particle motion becoming small, thus the viscosity at high φ (φm) is 
equal to the viscosity at maximum packing fraction (φRCP, RCP = random close 
packing), i.e., φm = φRCP = 0.64.  The viscosity of hard sphere suspension can be 
predicted via the following equations (Shewan & Stokes, 2015): 
𝜂
𝜂𝑠
=⁡𝜂𝑟 =⁡(1 −⁡
𝜑𝑜
𝜑𝑚
)
−2
 1-13 
(
1
√𝜂𝑟
) = 1 −⁡
𝜑𝑜
𝜑𝑚
 1-14 
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where 𝜂 equals to the viscosity at Newtonian region, 𝜂𝑠 is the viscosity of the 
solvent or the base fluid, 𝜂𝑟 is the relative viscosity, and φo is the effective 
volume fraction.  
Taking into account that microgel particles are commonly exist as soft 
colloidal particles which they can swell and de-swell, thus the φo may vary.  
Therefore, the hard sphere theory is not always applicable to predict the 
rheology microgel suspension. The deviation of hard sphere theory can be 
seen as the calculated φm = 0.58 – 0.74 (Ching et al., 2016; Poon et al., 2012; 
Shewan & Stokes, 2012). The soft sphere suspension requires many 
cautionary steps in predicting the viscosity which involves some intricate 
computations depending not only the φ but also the elastic modulus as a 
function of φ, the stress-strain response, etc. The rheology phenomenon of 
hard sphere versus soft sphere suspension has been reviewed by Shewan & 
Stokes (2015) and van der Vaart et al.(2013), which remains as an evolving 
research study at present.  
1.5 Conclusion 
As a summary, the current status and developments of microgel particles 
(particularly in the form of Ca-alginate system) and the backgrounds of the 
chemical components used in this study have been reviewed in this present 
chapter. The variety of methods to improve the health benefits functionality of 
the proteins, polyphenol, and carotene compounds or to retain the dyes via 
encapsulation are still being studied. However, rapid methods in producing 
microgel particles can only be observed in few studies as mentioned above. 
Thus, in this study we will probe the possibility of utilizing jet homogenizer to 
produce submicron microgel particles rapidly.  In order to prove the efficacy of 
the methods, there is a need to answer the following research questions (i) 
what factors or processing parameters in controlling the particle sizes of the 
Ca-alginate microgels produced via the jet homogenizer (ii) whether the 
method can be utilized to encapsulate some water-soluble and water-insoluble 
compounds, and (iii) the amount of entrapped particles or yield if they are 
entrapped. These questions will be answered in the following chapters. 
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Chapter 2 Materials and Methods 
This chapter provides the details about the materials and methods used in this 
study.  
2.1 Materials 
2.1.1 Water 
Purified water was used to dissolve the chemicals or to suspend the microgel 
particles. The water purification was performed using Millipore apparatus 
(Millipore, UK) with resistivity exceeding 18.2 mΩ.cm-1. 
2.1.2 Alginate 
There were two types of alginate used in the experiments (see Table 2.1) with 
different level of viscosities as measured by a Kinexus rheometer (Malvern, 
UK) at a constant shear rate of 10 s-1. The M/G ratio of the alginate used was 
unknown because the suppliers withhold this information for confidentiality. The 
alginates were used as received, no further purification was performed. 
Table 2.1. Types of alginate with different levels of apparent viscosity (𝜼) 
Types Supplier 𝜂⁡of 1 wt.% alginate in 
water at 10 s-1 (Pa.s) 
at 25oC. 
Alginic acid sodium salt, 
low viscosity (LV) 
AlfaAesar                           
(Heysham, UK) 
0.008 ± 0.00006 
Alginic acid sodium salt, 
high viscosity (HV) 
Alfa Aesar                         
(Heysham, UK) 
0.708 ± 0.018 
 
2.1.3 Calcium chloride 
Calcium chloride dihydrate (𝑀𝑤 = 147 g.mole
-1) was purchased from Sigma 
Chemicals (St. Louis, Missouri, USA) with a purity of 99.5 %. The compound 
was used as purchased without further purification.  
2.1.4 Buffer solutions 
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The following chemicals were used to prepare the buffer solutions and for pH 
adjustment. 
Table 2.2. Chemicals used to prepare the buffer solutions  
Name of chemicals Suppliers 
Sodium bicarbonate 
(NaHCO3) 
Fischer Scientific                        
(Loughborough, UK) 
Imidazole (C3H4N2) Sigma Chemicals (St. Louis, MO, USA) 
Hydrochloric acid (0.5 M) Convol by BDH Chemicals (Poole, Dorset, UK) 
Sodium hydroxide (1 M) (Fischer Scientific, Loughborough, UK) 
  
2.1.5 Water-insoluble compounds for encapsulation 
The following chemicals were water-insoluble compounds used for 
encapsulation purposes.   
Table 2.3. Raw material suppliers and physical properties which include 
molecular weight (𝑀𝑤), refractive index (𝑛), and density (𝜌) of water-
insoluble compounds for encapsulation 
Name of chemical Suppliers 𝑀𝑤 (g.mole
-
1) 
𝑛 𝜌⁡⁡⁡ 
(g.cm-3) 
Rutin trihydrate, 97%        Alfa Aesar              
(Heysham, UK) 
664.58 1.77 1.82 
Curcumin, 95% (from 
Turmeric rhizome) 
Alfa Aesar               
(Heysham, UK) 
368.39 1.42 1.28 
Ronacare® Tiliroside,              Merck KGaA 
(Darmstadt, Germany) 
594.53 1.76 1.69 
β-Carotene, >97%,                        Sigma-Aldrich Co.             
(St. Louis, MO) 
536.87 1.56 0.94 
 
All these water-insoluble compounds above were solubilised with 99.99% 
ethanol (𝜌 = 0.79 kg.l-1) manufactured by VWR Internationals (Fontenay-sous-
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Bois, France). For preparation of β-carotene encapsulation, polyoxyethylene 
sorbitan monolaurate (Tween 20) (purchased from Sigma Aldrich, St. Louis, 
MO, USA) were used as a surfactant during the encapsulation. 
2.1.6 Water soluble compounds used for encapsulation 
The following chemicals were water-soluble compounds used for encapsulation 
purposes, which consist of proteins and dyes.   
Table 2.4. Raw materials suppliers, molecular weight (), and the solvent 
used to dissolved water-soluble compounds for encapsulation 
Name of chemical Suppliers 𝑀𝑤  Solvent used 
Lysozyme from 
chicken egg white        
Sigma Chemicals          
(St. Louis, MO, USA) 
80 kDa Sodium bicarbonate 
(20 mM) pH 8 and 10 
Lactoferrin 
Bioferrin 2000 
Glanbia Nutriotional 
(Middlesbrough, UK) 
14.3 kDa Sodium bicarbonate 
(20 mM) pH 6 and 8 
Erioglaucine 
disodium salt              
Sigma-Aldrich               
(St. Louis, MO, USA) 
792.85 
g.mole-1 
Millipore water          
(pH 6.8 ± 0.2) 
Methylene blue, 
98.13%                        
Alfa Aesar (Heysham, 
Lancashire, UK) 
319.86 
g.mole-1 
Millipore water              
(pH 6.8 ± 0.2) 
The proteins and dyes were used as purchased without further purification or 
concentration.   
 
2.1.7 Magnetic Nanoparticles 
The following chemicals were used to produce the magnetic nanoparticles 
(MNPs), see Table 2.5. A high performance Neodymium magnet (First 
Magnets®) with 28 mm dia. x 11 mm thick coated with PTFE Teflon 
(manufactured by from Magnet Experts Ltd, Newark, UK) was used to collect 
the magnetic nanoparticles.  
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Table 2.5. List of chemicals used to produce magnetic nanoparticles 
Chemical names Supplier [C]  
Iron III chloride hexahydrate (FeCl3.6H2O), 
𝑀𝑤 = 270.3 
Sigma-Aldrich Co.            
(St. Louis, MO, USA) 
1 M 
Iron II chloride tetrahydrate (FeCl2.4H2O), 
𝑀𝑤 = 198.81 
Acros Organics             
(New Jersey, USA) 
2 M 
Ammonia solution (NH4OH), 35%,          
S.G.= 0.88                
Fischer Scientific 
(Loughborough, UK) 
1 M 
 
2.1.8 General Chemicals 
2.1.8.1 Sodium azide (NaN3) 
Sodium azide from Sigma-Aldrich (St. Louis, MO, USA) was added at a very 
low concentration (0.01 wt. %) to the alginate stock solution as a preservative. 
2.1.8.2 Sucrose  
Sucrose from BDH AnalaR Poole by VWR International Ltd. (Dorset, UK) was 
added to the microgel suspension to increase the density of the aqueous 
phase.  
2.1.9 Filters 
There were several types of filters used during the experiments, see below for 
the details.  
2.1.9.1 Syringe Filter 
Prior to particle size measurement using Zetasizer, 1 μm filter Whatman 
Puradisc 25 TF (GE Healthcare Life Science, Buckinghamshire, UK) was 
attached to a 5 ml syringe filled with 2 ml of microgel suspension.  
2.1.9.2 Filter paper  
Filter paper of Fisherbrand by Fisher Scientific (Loughborough, UK) grade 111 
(12–15 μm pore size) with diameter size 110 mm was used to filter the 
extracted microgel particle materials  from alcohol extraction.   
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2.1.10 Cuvettes  
There are several types of cuvettes used depending on the experiments, see 
below for the details. 
2.1.10.1 PMMA UV Vis cuvette 
Disposable cuvettes 1.5 ml PMMA (Brand Gmbh + Co, Wertheim, Germany) 
with a dimension of 12.5 x 12.5 x 45 mm were used for particle size distribution 
analysis and spectrophotometry measurements. 
2.1.10.2 Folded electrophoresis capillary cells 
Folded capillary cells DTS 1061 purchased from Malvern (Worcestershire, UK) 
were used for measuring the surface charge. 
2.1.11 Chemicals for CLSM preparation  
The following table listed the chemicals to prepare the samples for CLSM . 
Table 2.6. List of chemicals used to prepare samples for CLSM analysis 
Chemical Names Suppliers Purpose 
Gelatine from bovine 
skin 
Sigma-Aldrich Co. 
(St. Louis, MO) 
To immobilize the 
Brownian motion of 
microgel particles in 
suspension  
Fluorescein 
isothiocyanate-dextran 
(FITC-dextran),          
𝑀𝑤 avg ≈ 2,000,000 
Sigma-Aldrich Co. 
(St. Louis, MO) 
To provide fluorescence 
background to the 
microgel suspension. 
Immersion liquid     
Type F, 𝑛⁡= 1.518 
Leica Microsystem 
CMS Gmbh (Wetzlar, 
Germany) 
To enhance the 
resolution of the images  
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Figure 2-1. Summary outline of all methods used in the experiments, from producing of the microgel, encapsulation, and 
characterization of the microgel particles and analysis.
Microgel particles 
production and 
Encapsulation
Preparation of the solutions
•Alginate and Ca solutions
•Buffers solution
•Proteins solutions
•Dye solutions
•Water-insoluble suspensions
•MNPs production
Microgel production and  Encapsulation via 
Leeds jet homogenizer
•Microgel particles production 
•Sonication to reduce particle size
•Encapsulation of cationic proteins
•Encapsulations of water-soluble dyes
•Encapsulation of water-insoluble 
compounds
•Particles separation via magnetic field
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Microgel particles 
separation
Centrifugation
Sugar addition
Magnetic separation
Particle characterization (size,  ζ-potential 
and microscopy images) and physical 
properties measurements
Particle size and ζ-potentials 
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•Mastersizer 
•Zetasizer
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•Electron Microscopy techniques
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•Light microscopy
Drying
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Others
Statistical 
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2.2 Methods 
There are many methods involved in the process of producing and 
analysing the microgel particles and encapsulations. Figure 2-1 provides the 
summary of all the methods used in the experiments. 
2.2.1 Preparation of solutions 
2.2.1.1 Alginate and Ca2+ solutions 
Stock solutions of alginate were prepared at 2 wt.% and 4 wt.% 
concentrations by weighing a certain amount of alginate powder and Millipore 
water according to the concentration levels required. The solution was heated 
to 60 oC and stirred for 2 hours to ensure a homogenous solution was 
produced and the alginate was completely dissolved. Afterwards, the solution 
was cooled down to room temperature and 0.01 wt.% sodium azide was mixed 
into the solution. The stock alginate solutions were refrigerated for further 
usage. To make 1 or 2 wt.% alginate solutions, the stock solutions 2 and 4 
wt.% were diluted to 1:1 wt. ratio with Millipore water or buffer solutions.  
Varied concentrations of CaCl2 solution at 10 mM, 20 mM, and 50 mM 
were prepared. The CaCl2 (was dissolved in Millipore water and because of its 
highly hygroscopic nature, it was readily dissolved with a magnetic stirrer 
without any heat treatment. 
2.2.1.2 Buffer solutions  
To make the buffer solutions, the buffer salts were prepared in Millipore 
water in a volumetric flask to reach 20 mM of concentration for both buffers. 
The buffers were adjusted with 0.5 M hydrochloric acid (Convol by BDH 
Chemicals Poole, Dorset, UK) and 1 M of sodium hydroxide (Fischer Scientific, 
Loughborough, UK) to reach desired pH levels, i.e., pH 6, 8, and 10 for 
bicarbonate and pH 6 and 8 for imidazole. 
2.2.1.3 Protein solutions 
The proteins were dissolved in a 20 mM sodium bicarbonate buffer. 
Lysozyme powder was dissolved in pH 8 and 10 buffer solutions, while 
lactoferrin powder was dissolved in pH 6 and 8 sodium bicarbonate buffers.  
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After mixing with buffer, the lysozyme solution remained clear, i.e., no turbidity 
was observed. The lactoferrin solutions turned orange because of the iron that 
is inherently bound to it. 
Choosing the right buffer to fix the pH in protein solutions creates some 
challenges because of possible interactions between the ions in the buffers 
with the microgel constituents and proteins. A phosphate buffer was used 
initially in the microgel production containing lysozyme. However, it was 
discontinued due to possible interaction between Ca2+ with the phosphate ions 
in the buffer solution (Gombotz & Wee, 1998). Imidazole can bind with the 
haem iron of the proteins (Verras & Ortiz de Montellano, 2006) thus it created 
cloudy solutions after mixing at concentrations as low as 0.1 wt.% lactoferrin in 
20 mM imidazole. A sodium bicarbonate buffer was chosen as a buffer in 
protein containing microgel particle suspensions, although the sodium 
bicarbonate buffer might not be the best option due to CO2 loss over time which 
leads to a subtle increase of pH (Perrin and Dempsey, 1974). To overcome 
this, the buffer was freshly prepared and the particle size distribution and 
surface charge measurements were performed immediately upon microgel 
production within less than 2 hours.   
2.2.1.4 Dye solutions 
A stock solution of 100 ppm of each dye, i.e., erioglaucine or methylene 
blue, was prepared by dissolving the dye powder in Millipore water. This dye 
stock solution was diluted with alginate solutions (either 1 or 2 wt.%) to make 
up 10 ppm as the final concentration in the alginate phase. 
2.2.1.5 Water-insoluble suspensions  
For water-insoluble polyphenols encapsulation, 0.02 M imidazole buffer 
solution was used to suspend the insoluble polyphenol crystals with initial 
concentration of 1 mM before mixing 1:1 wt.ratio with 4 wt.% alginate. No sign 
of turbidity or precipitation was observed in dissolving polyphenols with 
imidazole which indicated no interaction between the buffer and the 
polyphenols. For β-carotene suspension, the crystals were simply suspended 
in Millipore water at 2 wt.% (37 mM) concentration with addition of 6 wt.% 
Tween 20 (TW20) before mixing 1:1 wt. ratio with 4 wt.% alginate solution. 
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2.2.1.6 Preparation of magnetic nanoparticles (MNPs) suspension 
The MNPs were produced via the method outlined by Garcia-Alonsoa, 
Fakhrullin, & Paunov (2010) by mixing FeCl2 and FeCl3 with ammonia solution 
as a reducing agent. The chemical reactions for this MNP production are 
outlined as follows: 
a. In aqueous solution, the ammonia becomes protonated. 
NH3 + H2O ⇔ NH4+ + OH- 
b. Mixing of FeCl2 and FeCl3 in the presence of protonated ammonia, 
yields the iron oxide precipitate (Fe3O4) 
2FeCl3 + FeCl2+ 8NH4OH  → Fe3O4 + 8NH4Cl + H2O 
Based on the chemical reactions above, the steps to produce the 
magnetic particles are outlined below:   
1 M FeCl3 was mixed with 2 M FeCl2 at a 4:1 volume ratio (20 ml of FeCl3 to 5 
ml of FeCl2) with a glass rod stirrer (preferred over metal rod or magnetic 
stirrer). The 1 M NH4OH solution was added slowly into the mixture while 
stirring. Immediately upon mixing with NH4OH, a dark blob of MNPs started to 
appear. The mixture was incubated at room temperature for 1 hour. Afterwards, 
the precipitate was separated by placing a high performance Neodymium 
magnet (First Magnets®) on the side of the beaker and the remaining NH4OH 
solution was decanted. Then, the precipitate was washed several times with 
Millipore water until the pH of the water used for washing reached pH 7.5. After 
the final wash, the precipitate was suspended in Millipore water at a 
concentration of 1 g per 20 ml of water. The MNPs suspension was sonicated 
using a Sonics Vibra Cells ultrasonic processor (Sonics and Materials Inc., CT, 
USA)  for 30 minutes at 130 watt and 60 amps. The temperature was 
measured after 30 minutes of sonication, it rose from room temperature to 40 to 
41 oC. 
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2.2.2 Microgel particles production and encapsulation via the jet 
homogenizer 
2.2.2.1 Microgel particles production 
Production of microgel was performed using a jet homogenizer designed 
by University of Leeds, School of Food Science and Nutrition (see Figure 2-2). 
It consisted of two feeding blocks (A and C) which allowed two liquid streams to 
come in contact through an orifice (E) with a diameter of around 0.5 mm. The 
volume ratio of these A and C blocks could be altered with other ratios (for 
example, 70:30, 90:10, 45:55). The volume ratio used for all the subsequent 
experiments was 80 to 20. After testing other ratios, the 80:20 ratio was found 
to be optimal in producing the smallest particles with diameter less than 1 µm 
(Bentley, 2013). The alginate was placed in the 80 block (A) and calcium was 
placed in the 20 block (C). The pressure could be adjusted from 100 to 400 bar, 
however the optimal pressure was found to be at 300 bar and above, at which 
the  microgel particle size was found to be within nanoregion scale 
(Mahatnirunkul, 2013). 
 
Figure 2-2. Schematic diagram of the jet homogenizer 
In the jet homogenizer, a pneumatic ram (D) is used to push the pistons 
(B) into feeding blocks (A and C). A high energy dissipation was generated from 
the kinetic energy when the liquid streams were converted into a turbulent 
A = Alginate phase in 80 volume ratio  
B = pistons  
C = CaCl2 phase in 20 volume ratio  
D = pneumatic ram  
E = sample outlet  
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motion through collision and redirection of the liquids from A and C to fit into the 
orifice (E). This occurrence created a further rapid mixing, and thus small 
particles were generated. The microgel suspension was then collected into a 
beaker placed underneath the outlet (E). 
2.2.2.2 Particle size reduction via sonication 
The microgel suspension was subjected to ultrasound for further particle 
reduction. In this experiment, a minimum of 2 ml aliquot of homogenized and 
diluted microgel suspension was subjected to a Sonics Vibra Cells ultrasonic 
processor (Sonics and Materials Inc., CT, USA) with 130 watt at varied times 
from 2 to 30 minutes and pulsed for every 2 seconds at 40 amps. The tip of 
ultrasonic probe was immersed into the middle of the sample tubes during 
sonication. To maintain the temperature during sonication, the samples were 
placed into an ice cooling bath with a thermocouple inserted into the sample.  
The temperature was kept below 35oC throughout the sonication process. 
2.2.2.3 Encapsulation of cationic proteins in the microgel particles 
 For the inclusion of lysozyme into the microgel particles, several mixing 
routes were attempted during the experiments. In the first mixing route, 
lysozyme solution was mixed with 2 wt.% alginate at 1:1 wt. ratio and placed 
into the 80 block (Figure 2-2.A). Second, the lysozyme solution was mixed with 
20 mM CaCl2 solution at 1:1 wt. ratio in 20 block (Figure 2-2.C.). Lastly, an 
extra step was taken by mixing the lysozyme after the particles were formed in 
the jet homogenizer, i.e., lysozyme in the 20 block (Figure 2-2.C.) and microgel 
suspension (made with 1 wt. alginate and 10 mM Ca2+) was placed in 80 block 
(Figure 2-2.A). The concentrations of lysozyme were adjusted depending on 
which mixing route was pursued. The final concentrations of lysozyme in the 
microgel suspension remained the same range whichever method was used, 
ranging from 0.01 to 0.25 wt.%. While, lactoferrin was incorporated by mixing 
into the Ca2+ phase at concentrations from 0.02 to 8 wt.%. The rationale for 
increasing the concentration of lactoferrin up to 8 wt.% was to achieve 1:1 
mass ratio of alginate to lactoferrin. 
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2.2.2.4 Encapsulation of water-insoluble compounds in the microgel  
 
 
Figure 2-3 Summary of steps to produce water-insoluble crystals and 
water-soluble dyes encapsulated microgel particles using the  Leeds 
Jet homogenizer (a), separating the microgels using MNPs (b), 
extracting water-insoluble compounds with ethanol and dyes with 
Millipore water (c), and quantifying the entrapped amount from 
absorbance readings (d) 
 
Figure 2-3 outlines the steps involved for the production of encapsulated 
microgel particles via the jet homogenizer, particle separation via a magnetic 
field, extraction, and finally the quantification of the encapsulated materials via 
UV-Vis spectrophotometry. 1 mM initial concentrations of the insoluble 
polyphenols and 37 mM for the β-carotene (with or without TW20)  were mixed 
into 25 ml of Millipore water using an IKA Labortechnik Ultraturrax T25 S7 
(Janke & Kunkel GmbH & Co, Funkentstort, Germany) at 24,000 rpm for 2 
minutes. Then the water-insoluble suspension was mixed with 4 wt.% alginate 
stock solution at 1:1 wt. ratio. At this stage, 0.02 wt.% (wet weight basis) of 
MNPs suspension was spiked into the alginate phase. The MNPs and water-
insoluble compounds were suspended into alginate solution via application of 
(a) 
(b) (c) (d) 
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the Ultraturrax for 2 minutes at 24,000 rpm. A mild sonication was applied to 
the suspension of alginate with encapsulated materials and nanomagnets 
suspension using a PUL 55 sonicator (Kerry Ultrasonic Ltd., UK) for 5 minutes 
to remove any air bubbles.  The final mixture contained 2 wt.% alginate and the 
concentrations of encapsulated materials were 0.5 mM for the insoluble 
polyphenols and 18.5 mM for the β-carotene with or without 3 wt.% Tween 
20.The mixture was then placed in the jet homogenizer in the 80 block 
immediately after mixing. The microgel particles with encapsulated materials 
were produced with the jet homogenizer at 300 bar by placing the mixture of 
encapsulated materials and alginate in the 80 block and 20 mM CaCl2 in the 20 
block.  
2.2.2.5 Encapsulation of dyes in the microgel particles 
For encapsulation of the dyes, the microgel particles were produced 
using 1 wt.% and 2 wt.% alginate solutions mixed with 10 mM and 20 mM 
CaCl2 solutions, respectively. In this experiment, the same volume ratio was 
applied, where the CaCl2 solution was placed in 20 block whilst the 80 block 
contained a homogeneous mixture consisting of sodium alginate solution, dye 
solution and MNPs suspension (Figure 2-3). The concentrations of added dye 
solution and MNPs suspension in the mixture was 10ppm and 0.01%, 
respectively. The procedure of producing 1 wt.% and 2 wt.% dye encapsulated 
microgels was repeated in triplicate. In addition, 1 wt.% and 2 wt.% blank 
microgel samples were also prepared as described above with the absence of 
dye solutions. 
2.2.2.6 Separation of microgel particles from aqueous phase via 
magnetic field 
As the microgel suspension exited from the jet homogenizer it was 
collected in a glass beaker, and the sample was transferred into a 50 ml 
centrifuge tube. The centrifuge tubes containing encapsulated materials were 
wrapped in thick aluminium foil to avoid direct exposure to sunlight (UV) to 
prevent any potential photodegradation. A strong magnet was placed on the 
side of the centrifuge tube for water-insoluble containing microgel samples for 
30 minutes. For dyes containing microgel samples, a magnetic stirring bar was 
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placed inside of the tube to monitor the harvested microgel particles adhered to 
the magnet which otherwise would not easily be detected in this intensely 
coloured blue solution. Consequently, the microgel particles with and without 
encapsulated water-insoluble compounds and dyes were expected to be 
attracted towards the magnet because of the presence of MNPs that were 
potentially encapsulated within the microgel particles. Within 30 minutes, a 
layer of microgel particles was apparent either adhering to the tube wall or to 
the magnetic stirring bar as an indicator of the attraction between the 
encapsulated MNPs with the magnets. The supernatant aqueous phase was 
then decanted into separate tubes.  
2.2.2.7 Extraction of encapsulated compounds in microgel particles. 
The collected microgel particles were diluted either with Millipore water or 
alcohol to extract the encapsulated materials. About 50 µl of the harvested 
microgel particles was pipetted into 5 ml of ethanol for alcohol extraction for 30 
minutes. While for dyes containing samples, about 1 g of the microgel particles 
was dissolved in 10 g of Millipore water for 30 minutes.  The supernatant fluid 
was also extracted with Milllipore water or alcohol at the same ratio. The 
amount of water or alcohol used for dilution was recorded to calculate the 
dilution factor. The extracted solvent was filtered using Fisherbrand filter paper 
(Fisher Scientific, Loughborough, UK) grade 111 to remove any extracted 
microgel particle materials before placing into the cuvette for absorbance 
readings. 
2.2.2.8 Spectrophotometer Measurement 
Based on the Beer’s Law method (see Eq.2-1) under the same condition, 
i.e., same 𝜀 and 𝐿, one can predict the concentration based on the 
proportionality of the known concentration versus absorbance (𝐴). 
𝐴 = ⁡𝜀⁡⁡𝐿⁡𝑐 
2-1 
where 𝜀 equals to the molar exctinction coefficient (M.cm-1), and 𝐿 is the cell 
path length (cm), and 𝑐 is the concentration (M). 
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2.2.2.9 Standard curve preparation 
Standard curves were generated for each compound of interest with 
known concentration plotted against the absorbance at a certain absorption 
wavelength. Absorbance reading and wavelength maxima were determined 
using a UV-Vis Spectrophotometer (Jenway 6715 from Bibby Scientific Ltd, 
Staffordshire, UK). A serial dilution was performed from stock solutions of 
erioglaucine, methylene blue, rutin, tiliroside, curcumin, and β-carotene. Stock 
solution of 0.5 mM (for the insoluble crystals) and 100 ppm (for water-soluble 
dyes) were prepared. Then they were further diluted to a certain concentration 
range until it reached the absorbance of less than 1.5 at λ maxima as reported 
in Table 2.7. Linear correlation lines were obtained from fitting the absorbance 
versus the known concentrations of those compounds; with the intercept set at 
zero and R2 ≥ 0.98 for all curves which indicated a strong correlation between 
the absorbance and concentration. The trendline equations of these standard 
curves in Table 2.7 were used to calculate the unknown concentration of the 
encapsulated materials entrapped in microgel particles after extraction.  
Table 2.7. List of the absorbance peak, concentration range, and trendline 
equations of the encapsulated materials used to generate the 
standard curves 
Chemical compounds 
and its solvent 
λ maxima 
(nm) 
Concentration 
levels 
Trendline 
equations*  
Erioglaucine in water 630  0.01 to 10 ppm y = 0.1333x  
Methylene blue in water 665  0.1 to 2 ppm y = 0.2348x  
Rutin in alcohol 360  0.005 to 0.05mM y = 12.771x  
Tiliroside in alcohol 325  0.001 to 0.05 mM y = 28.908x  
Curcumin in alcohol 420  0.0001 to 0.01 mM y = 53.635x 
β-carotene in alcohol 450  0.01 to 0.115 mM y = 13.504x  
*y = absorbance, x= concentration 
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2.2.2.10 Quantification of the amount of encapsulated materials via 
spectrophotometry method 
To quantify the encapsulated compounds entrapped into the microgel 
particles, about 1 ml of the filtered solution obtained from the extraction was 
placed in a PMMA cuvette and an absorbance reading was recorded. The 
absorbance was converted to its molar concentration using the trendline 
equations stated in Table 2.7. The conversion of molar concentration to mass 
(mg) of the encapsulated materials was calculated using Eq.2-2. The microgel 
particles containing no encapsulated materials (blank) were also measured for 
the absorbance value, and gave results close to zero in concentration within 
the standard experimental error in water-insoluble containing experiments. For 
water-soluble dyes, the blank samples exhibited some absorbance, thus its 
concentration was taken into account to calculate the concentrations of the 
entrapped dyes.  
𝑀⁡ = 𝐶⁡𝑥⁡𝑉⁡𝑥⁡𝐷𝐹⁡𝑥⁡𝑀𝑊⁡𝑥⁡10−3 
2-2 
where 𝑀 is the mass of the encapsulated compounds (mg), 𝐶 is the Molar 
concentration of the encapsulated compounds in mM,⁡𝑉 is the volume of 
alcohol or Millipore water used for the extraction of the encapsulated 
compounds,⁡𝐷𝐹 is the dilution factor which is the reciprocal of the alcohol or 
water used for dilution, and 𝑀𝑤 is the molecular weight of the encapsulated 
compounds (g.mole-1). 
 
2.2.3 Particle separation method 
2.2.3.1 Centrifugation  
Separation of the particles was performed not only via magnetic field by 
addition of MNPs, but also via centrifugation. The centrifugation method was 
applied for microgel particles without any encapsulated materials. The microgel 
suspension was centrifuged at 20,000 rpm (48,343 g) for 20 minutes at 25oC 
using high speed Beckman Coulter (Avanti J-301) to collect the sediments of 
microgel particles. 
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2.2.3.2 Sucrose addition  
Sucrose addition was used to increase the density of the aqueous 
phase, thus the microgel particles could be separated because of the density 
gap between the aqueous phase and the microgel particles was possibly more 
accentuated. The procedure of sucrose addition was simply adding 24 wt.% of 
sucrose to the microgel suspension and stirred for 10 minutes with a magnetic 
stirrer. The sucrose was readily dissolved in the suspension within 10 minutes.  
Afterwards, the mixture was centrifuged at 20,000 rpm (48,343 g) and paused 
for every 5 minutes (20 minutes total) using high speed Beckman Coulter 
(Avanti J-301) to further analyze its density and particle size based on the 
location of the test tube after the centrifugation. 
 
2.2.4 Particle characterizations and physical properties 
measurements 
2.2.4.1 Particle size and ζ-potential measurements  
The particle size distribution measurement was performed using a 
Zetasizer Nano-ZS (Malvern instruments, Worcestershire UK) for small 
particles (< 1 µm). Prior to particle size measurements using the Zetasizer, the 
Ca-alginate microgel suspension as exited from the jet homogenizer was 
further diluted with Millipore water at 1:10 weight ratio to prevent aggregation. 
In addition to dilution, samples were filtered with a 1 µm Whatman filter to 
remove any large aggregate particles or dust. Presence of large particles can 
affect the size distribution, because they restrict the free diffusion pattern of the 
target particle of interest, otherwise a biased value could have been reported 
(Malvern Instruments, 2011). The samples were placed into disposable PMMA 
cuvettes and the particle sizes were measured at 25oC. The wavelength of the 
laser source was at 633 nm and the light scattering was detected at 173o. 
Experiments were done in triplicate. 
The size distribution of large particles (> 1 µm) in microgel suspension 
with or without encapsulated materials generated from mixing 2 wt.% alginate 
and 20 mM CaCl2 in the jet homogenizer was measured using a Mastersizer 
(Malvern Instruments, Worcestershire UK). The refractive index (𝑛) of the 
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continuous phase water was 1.33 and the 𝑛 for the water-insoluble compounds 
encapsulated microgel particles varied from 1.4 to 2.4. The particle size 
distribution was not very sensitive to the changes of the refractive index range 
mentioned above. The obscuration range was set at 1–4 %, and absorption 
index was from 0.01 to 0.1.  
The ζ-potentials of the microgel particles were measured using Zetasizer 
Nano-ZS (Malvern Instruments, Worcestershire UK). The samples were placed 
in folded capillary electrophoresis cells DTS1061 (Malvern, Worchestershire, 
UK) which had positive and negative charged electrodes at either ends of the 
tube, spaced 6 cm apart. The viscosity of the dispersed media (i.e., water,⁡𝜂 = 
8.9 x 10-4 Pa.s at room temperature) and ⁡the Henry’s function (𝑓(𝑘𝑎) = 1.5 for 
dispersion in polar media based on the Smoluchowski approximation). 
Triplicate samples were measured. 
It is imperative to determine the pH of the dispersed media when the ζ-
potential is being measured, since the ζ-potential is an index of the magnitude 
of the electrostatic repulsion between particles, thus altering [H+] may affect this 
interaction. Therefore, when making the microgel particles containing proteins 
and water-insoluble compounds, buffer solutions were used to dissolve the 
proteins, or dilute the gel particles to fix the pH of the system. For water-soluble 
dyes containing microgel, the pH of water was determined prior to ζ-potential 
measurements and was found to be stable around 6.8 ± 0.2. 
2.2.4.2 Density Measurement 
The density of the suspensions was measured with a density meter 
(Anton Paar DMA 4500M, Austria). The microgel suspension was injected 
through a syringe into the inlet of the density meter gently to eliminate 
possibility of incorporating air into the syringe.  The density meter had a camera 
to view the internal loop of the sample as it was being injected and thus the 
presence of air bubbles could be detected. The density reading was recorded 
at room temperature between 24.78–25.02 oC. Triplicate samples were 
measured and the average values were reported. 
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2.2.4.3 Viscosity measurement 
The viscosity of microgel suspension was measured with a Kinexus 
Rheometer (Malvern Instruments, Worcestershire UK) which was equipped 
with rSpace software to control the probe and to provide measurement and 
analysis of the results. The temperature was set at 25 °C with a 5 minute time 
window to achieve a steady state condition. The cone and plate cartridge 
(CP2/60:PL65) was used in every sample. About 1 to 2 ml of microgel 
suspension was placed on top of the plate.  The applied shear rates was 
ranged from 0.1 to 10 s-1 for each sample.  
2.2.4.4 Microscopy Measurements 
There were several microscopy techniques used throughout the 
experiments, i.e., multiple versions of electron microscopies, light microscopy, 
and confocal methods. All of them possessed different strength in magnification 
and applied to different type of microgel samples, see Table 2.8. They are also 
involved in different sample preparation procedures which are outlined below. 
Table 2.8. List of microscopes used in the experiments  
Types of 
microscope 
Brand/Manufacturer Magnification and 
applied voltage 
Types of samples 
analyzed 
Light 
Microscope 
Celestron Digital LCD 
(California, USA) 
10x, 20x, 40x, and 
60x  
microgel suspension  
SEM  JEOL JSM 6390A 
(Japan) 
7,000x at 10 to 20 
kV 
freeze-dried 
microgel particles 
Field Emission 
SEM (FE-SEM) 
Inspect F50 by FEI 
(Czech) 
100,000x at 20 kV freeze-dried 
microgel particles 
Environmental 
SEM (E-SEM) 
Quanta 200P by FEI 
(Czech) 
7,000x at 10 kV microgel suspension 
TEM Tecnai G2 Spirit by 
FEI (Czech) 
200,000x  microgel suspension 
CLSM  Leica TCS SP2 (by 
Leica Microsystems, 
Manheim, Germany) 
40x oil immersion Encapsulated 
microgel particles 
with a mixture with 
gelatin and FITC-
dextran 
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For SEM preparation, a small piece of the freeze-dried microgel 
suspension was pulled apart and its cross section was glued onto a chrome-
coated steel-plate sample holder. The sample was sputter coated with Au/Pd 
using JEOL JFC-1600 Auto Fine Coater (JEOL Japan) for 200 seconds at 30 
mA. The SEM was also attached with EDS Spectrometer JED 2300 (JEOL, 
Japan) which measured the composition of microgel particles at varied spots. 
For the environmental SEM (E-SEM) and TEM sample preparation, a small 
drop of the microgel suspension  was placed onto a TEM grid and air dried for 
at least 30 minutes. 
For samples intended for CLSM  experiments, 4 wt.% gelatin was 
heated up to 35oC and stirred for more than 30 minutes. The microgel 
suspension was mixed with 4 wt.% gelatin at 1:1 weight ratio. FITC-dextran 
was added into the mixture of microgel and gelatin mixture at a concentration of 
0.2 wt.%. The samples was placed onto a welled slide with a dimension of 30 
mm in diameter and 3 mm in depth and refrigerated overnight to solidify.  The 
Leica TCS SP2 confocal microscope was used (Leica Microsystems, Manheim, 
Germany) to view the samples, using a laser source used of Ar/ArKr (488, 514 
nm) with 40x oil-immersion lens. A drop of immersion liquid type F (Leica 
Microsystem CMS Gmbh, Wetzlar, Germany) placed on the cover slip to 
enhance the resolution. Both PMT detectors were activated to detect signals 
from two different fluorophores, i.e., the polyphenols or β-carotene and FITC-
dextran at different excitation bands, so that both the encapsulated crystals and 
microgel particles could be visualized in situ. The fluorescence excitation 
wavelengths were set at 458 nm for the polyphenols and 514 nm for β-
carotene. The signals from emission were collected from 460 – 480 nm for 
polyphenols and from 530 – 580 nm for β-carotene. The FITC-dextran was 
excited at 488 nm for polyphenols and β-carotene samples. The fluorescence 
emission of FITC-dextran was collected from 500 – 550 nm in polyphenols 
containing samples and from 490 - 510 nm in β-carotene containing microgel 
particles. Both emission and excitation were performed at different wavelengths 
to avoid any interference of the signals. 
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For light microscopy samples, the microgel particles formed via jet 
homogenizer were immediately analyzed under the microscope (Celestron 
Digital LCD, California, USA) with 60x magnifying lens. A few drops of the gel 
particles in suspension were placed on a slide and sealed with cover slip. The 
scale was created using a disc micrometer reticle with 10 mm length and 100 
division (Leica Microsystems Inc., Buffalo, NY, USA). 
 
2.2.5 Drying experiments 
There were several types of drying experiments conducted to determine 
either solid content or the yield of particles in dry basis, to prepare samples for 
electron microscopy analysis, or to increase the concentration of the particles. 
2.2.5.1 Oven Drying 
For mass balance quantification, the microgel particles obtained from the 
sediment of centrifuged microgel suspension were collected to determine the 
dry yield. The microgel suspension was centrifuged at a speed of 20,000 rpm 
(48,384 g) for 20 minutes using high performance centrifuge Beckman Coulter 
(Avanti J-301) with a fixed angle rotor (Avanti J.30-50 Ti). The sediment, which 
presumably was the microgel particles, was then dried using Anderman oven 
UL 48 (Memmert GmbH + Co., Schwabach, Germany) at temperature of 105oC 
for 24 hours. The weight of the microgel particles before and after drying were 
recorded, thus the % solid yield could be computed using Eq.2-3. Oven drying 
at 105oC temperature for 24 hours was also applied to magnetic nanoparticles 
to determine the solid content. The solid content of the magnetic nanoparticles 
was 0.19 ± 0.01 % solid. The measurements were done in triplicates for all 
these drying experiments. 
%⁡solid⁡or⁡yield =
⁡𝑤𝑡.⁡⁡𝑏𝑒𝑓𝑜𝑟𝑒⁡𝑑𝑟𝑦𝑖𝑛𝑔⁡−⁡𝑤𝑡.⁡⁡𝑎𝑓𝑡𝑒𝑟⁡𝑑𝑟𝑦𝑖𝑛𝑔⁡⁡
𝑤𝑡.⁡⁡𝑏𝑒𝑓𝑜𝑟𝑒⁡𝑑𝑟𝑦𝑖𝑛𝑔
 x100%  
2-3 
2.2.5.2 Freeze Drying 
To prepare samples for SEM and FE-SEM analysis, the microgel 
suspension was freeze-dried using a benchtop lab scale freeze dryer Christ 
Alpha 1-4 LDP Plus (Martin Christ GmbH, Germany).  About 80 g of the 
microgel suspension was placed into a wide opening glass plate with a 
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diameter of 22.5 cm to provide a large surface area for drying. Triplicate 
samples were produced for this measurement. These plates containing 
microgel suspension were frozen using a blast freezer BF051ET (Valero, 
Banbury, UK) at -30 oC for 3 hours. Afterward, these frozen samples were 
freeze-dried for 25 hours at -50 oC and 0.04 mbar. Using the mass balance 
equation (Eq.2-3), the freeze-dried microgel suspension yielded 0.77 wt.% 
solid. With that number, the solid recovery was almost 100 % because the 
amount of solid originally added was 0.8 wt.% alginate (1 wt.% alginate in 80 
block or 80% volume ratio), which was close to 0.77 wt.% recovered solid. This 
indicated that freeze drying process for 25 hours was efficient to remove the 
free water. 
2.2.5.3 Air Drying 
To increase the number of the microgel particles, about 80 g of the 
microgel suspension was placed in a large glass plate (diameter of 22.5 cm) 
and then air dried in a fume cupboard for 7 hours at room temperature.  The 
fume cupboard had a positive airflow system with a fan pulling the ambient air 
to evaporate the moisture. The moisture loss was obtained by subtracting 100 
% to the % solid or yield (Eq.2-3). About 60 ± 12 % of moisture was removed 
after 7 hours drying. By drawing the moisture out of the microgel suspension, 
the particles became more concentrated, and thus it would be visible to monitor 
the particles via centrifugation due to density gradient. 
2.2.6 Miscellaneous 
2.2.6.1 Statistical Analysis 
All the experiments were performed in triplicate with the mean value and 
standard deviation expressed as the error bars unless stated otherwise. The 
difference in mean values were analysed using SPSS (IBM Statistics 22 
SPSS). The significant difference was reported in the p < 0.05 using student’s 
t-test and ANOVA. The correlation factor was determined using Pearson’s test. 
2.2.6.2 Image J analysis 
A few of the SEM images were analyzed using ImageJ software to 
predict the particle size. The scale provided from the SEM image was 
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converted into pixel unit in ImageJ. The threshold value was set using the 
automatic setting. The background noise was removed, thus contrast of 
brightness and darkness was more enhanced. The pixels concentrated with 
dark spots with the holes enclosed were considered as the microgel particles. 
ImageJ calculated the area of each particle. Assumed the particles were 
spherical in shape, thus the diameter of the particles could be determined. A 
histogram was plotted from these calculated diameters to examine the size 
distribution of the microgel particles. 
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Chapter 3 Formation of Ca-alginate microgel particles via 
Leeds Jet Homogenizer 
3.1 Introduction 
The Leeds Jet Homogenizer (LJH) is effectively a high pressure T-mixer 
that was developed by the School of Food Science and Nutrition, University of 
Leeds. The advantage of this particular homogenizer is the presence of two 
separate chambers which allows two immiscible solutions to remain separate 
until they come into contact in the T-mixer. It has been used to make fine 
emulsion of oil droplets by filling one chamber with an aqueous phase and the 
other with oil phase and mixing them under extremely high shear (Burgaud et 
al., 1990). Another advantage of the homogenizer is its ability to produce 
reproducible small droplet sizes with only relatively small quantities of samples, 
which is beneficial when dealing with expensive and limited supply of 
ingredients (Burgaud et al., 1990). In this study, we deviate from the traditional 
function of the jet homogenizer as an emulsion producer to fabricate microgel 
particles by allowing calcium and alginate to be rapidly precipitated at high 
shear rate. Johnson & Prud (2003) elucidated the techniques of creating 
nanoparticles through ‘Flash Nanoprecipitation’ method by using a confined 
impinging jet (CIJ) to allow a rapid mixing of two fluids. The impinging jet is a 
good choice due to its ability to deliver mixing times less than reaction times 
and thus rapid precipitation can lead to nanoparticles formation (Johnson & 
Prud, 2003).  
This aim of this chapter is to provide a greater understanding about what 
factors or parameters govern the size of the microgel particles when formed via 
the LJH. The specific objectives of this chapter are: (i) to evaluate the role of 
the formulation and processing parameters that affect the microgel particle size 
(ii) to investigate the ways to separate the microgel from the aqueous phase 
and estimate its yield, and lastly (iii) to visualize the morphology of these 
microgel particles via several microscopy techniques. The following discussion 
will review whether or not these factors are meaningful relative to the particle 
size of the microgel particles. 
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3.2 Results and Discussion 
The Ca-alginate microgel particles were prepared using the LJH, in 
which the mixing of the two components of alginate and Ca2+ is characterized 
by the Damkohler number (𝐷𝑎), i.e., the ratio between mixing time (tm) and 
reaction time (tr), as expressed in Eq.3-1. 
𝐷𝑎 =
𝑡𝑚
𝑡𝑟
 3-1 
The mixing time (tm) is defined as (Eq.3-2) 
 
3-2 
where 𝑣 is to the fluid velocity (m.s-1) and 𝜀 is the high energy dissipation (W.kg-
1) generated by the mixing process in the high pressure jet homogenizer, i.e., 
4.1 x 106 W.kg-1 at 300 bar (Casanova & Higuita, 2011).  
The 𝑣 could be estimated from the time to evacuate the total volume (𝑉) of the 
of the Ca-alginate microgel suspension as it exits through a circular orifice with 
diameter (d) = 5 x 10-4 m; the 𝑣 is expressed as Eq.3-3.  
𝑣 =
𝑉/𝐴
𝑡
 = 
4𝑉
𝜋⁡𝑑2𝑡
 
3-3 
With the measured 𝑉 of 12 ± 0.4 ml of the microgel suspension evacuated from 
80:20 volume ratio using a small volume chamber (S block) and with t  = 0.75 ± 
0.09 s, thus the estimated 𝑣𝑎𝑣𝑒𝑟𝑎𝑔𝑒 was around 88 ± 11 m.s
-1, which was close 
to that estimated by Casanova & Higuita (2011): 92 m.s-1.  Thus, the estimated 
tm of mixing Ca2+ and alginate (from Eq.3-2) is around 5 ms. 
To obtain the Da, it is necessary to determine the tr for the gelation 
between alginate and Ca2+, which is expressed in Eq. 3-4  
𝑡𝑟 =
1
𝑘𝑟𝐶𝑟
 3-4 
where kr is the reaction rate constant (M-1.s-1) for Ca-alginate gel formation via 
inter-particle interaction and Cr is the concentration of the reactant in molar (M).  
Fernández Farrés & Norton (2014) have measured the 𝑘𝑟𝐶𝑟 for the formation of 
alginate fluid gels at specific concentrations of 10 mM Ca2+ and 1 wt.% alginate 
𝑡𝑚 = (
𝑣
𝜀
)
1/2
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LV (low viscosity) as 0.0003 s-1, thus the calculated tr equals to 3333 seconds. 
From Eq.3-1, the 𝐷𝑎 is calculated to be 1.6 x 10-6 which is in the fast mixing 
mode when 𝐷𝑎 <<<1, thus submicron particles are generated. 
3.2.1 Effect of Ca2+ and alginate concentrations in microgel particle 
sizes 
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Figure 3-1. Microgel mean particle diameter (µz) prepared from varied Ca2+ 
concentrations at fixed 1 wt%. alginate LV (    ) and from varied 
alginate - LV concentrations at fixed 10 mM Ca2+ (    ). The arrows 
indicate the corresponding Y-axis. 
 
Figure 3-1 shows the microgel particle sizes prepared from different 
alginate concentrations and a fixed 10 mM Ca2+ are proportionally increased 
with an increase in alginate concentration. The microgel particle sizes as 
measured via the Zetasizer (see Chapter 2.2.4.1 for method) are in ascending 
order: 324 ± 14 < 362 ± 19 < 432.3 ± 54 nm, as  the alginate concentrations are 
increased from 0.3, 0.5, to 1 wt.%. Although the microgel particle size from 1 
wt.% alginate might have a large standard deviation, the mean difference of 
microgel sizes between 1 wt.% and 0.5 wt.% alginate was significant, p < 0.05.  
Increasing alginate concentrations would decrease of the reaction time (𝑡𝑟), 
thus 𝐷𝑎 would be increased and larger particles are therefore expected.   
Altering [Ca2+] concentrations from 2 mM to 20 mM at fixed 1 %wt. 
alginate concentration did not seem to have any impact on microgel particle 
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sizes; the particle size remained constant at 297.2 ± 22.2 nm, which also 
confirmed by the p > 0.05 from the ANOVA test. This lack of further reduction in 
microgel particle sizes may be due to the depletion of available COO- groups to 
be cross-linked with saturated amount of Ca2+. Although some studies have 
shown a decrease of particle size of Ca-alginate-chitosan microparticles 
prepared from 0.05 wt.% alginate (M/G = 2.0) with increases in [Ca2+] up to 
0.75 mM due to tighter coiling of the alginate nucleus, no further increase was 
observed in highly saturated Ca2+ environment Chandrasekar, Coupland, & 
Anantheswaran (2017). Similarly, the findings by Velings & Mestdagh (1995) 
also showed no further volume reduction impact from increasing [Ca2+]  from 
0.05 M to 0.33 M, due to sufficient enough Ca2+ to cross link all the guluronate 
(G) residues in the alginate (M/G = 2.3).   
Stokke et al. (1991) reported that a minimum of 8 contiguous guluronic 
acid residues were required to form a stable junction zone. In addition, Braccini 
& Pérez (2001) also determined 4 oxygen atoms from the guluronate residues 
were bound to a single Ca2+ ion to form ‘egg box’ structure. With 4 to 1 ratio of 
guluronate and Ca2+, we can predict the minimum Ca2+ concentration to occupy 
the G sites of alginate in the current study. Some major techniques to measure 
the 𝑀𝑤 and M/G ratio of alginate are 
1H nuclear magnetic resonance (NMR), 
circular dichroism (CD) spectroscopy, or size exclusion chromatography with 
multi-angle light scattering analysis (SEC-MALS). In this study, the intrinsic 
viscosity ([𝜂]) was calculated from Eq.3-5 based on the measured dynamic 
viscosity (𝜂) of alginate LV solutions at different concentrations: 0.1, 5, and 10 
g.ml-1, when they reach constant 𝜂 at the shear rate (ϒ)= 10 s-1. The viscosity in 
the absence of solute (ηo) equals to the viscosity of water at 25oC, i.e., 8.9 x 10-
4 Pa.s.  
[𝜂] = ⁡ lim⁡
𝑐→0
[
𝜂
𝜂0
− 1
𝑐
] 3-5 
 [𝜂] was determined by extrapolating the admittedly crude plot of [
𝜂
𝜂0
−1
𝑐
] vs. c  at 
c = 0 g.ml-1 (see Figure 3-2). The [𝜂]  for alginate LV used in this study was 
thus estimated ≈13.2 ml.g-1. However, the extrapolation was extended to the 
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non-diluted alginate concentration (> 0.1 g.ml-1) which might explain the non-
perfect fitting of the correlation factor (R2 = 0.75). 
 
 
Figure 3-2. Plot of ⁡[(𝜼/𝜼𝟎 ⁡− 𝟏)/𝒄] as a function of alginate concentration 
(c) to determine the intrinsic viscosity ([𝜼]) of alginate LV at 25oC 
dissolved in Millipore water. 
 
The intrinsic viscosity⁡[𝜂] can be related to 𝑀𝑤 of a polymer via the Mark-
Houwink equation (Eq.3-6) : 
[𝜂] = 𝐾.𝑀𝑤
𝛼 
3-6 
where K and α are the empirical constants characterized by solute-solvent 
interaction. The Mark Houwink approximation is strictly valid only for Newtonian 
fluids, however low viscosity polymers with shear thinning behaviour such as 
alginate LV in a diluted concentration can be treated as close to Newtonian 
fluid, especially if high shear rates are involved (Morris, 1990). High viscosity 
alginate is excluded from this approximation due to a higher degree of 
entanglement exerted from a longer chain lengths which gives rise to strong 
non-Newtonian behaviour (Pamies et al., 2010). Using literature values of K  
and α  for alginate (in the presence of 0.1 M NaCl) as determined by  Mancini, 
Moresi, & Sappino (1996), i.e., 1.228 x 10-4 and 0.963, respectively, the 𝑀𝑤 of 
alginate LV in this study is estimated around 168 kDa.  This estimated value 
might be overestimated because Millipore water (pH 6.8 ± 0.2) was used as the 
0
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solvent instead of 0.1 M NaCl, thus the repulsive forces would impact polymer-
solvent interaction.   
Other similar 𝑀𝑤 value of alginate LV, i.e., 143 kDa, has been reported 
by Pamies et al. (2010) for alginate isolated from Macrocystic pyrfera. The 
fractional composition of G and M ratio for alginate from Macrocystic pyrfera is 
comprised of 0.39 G and 0.61 M residues (Pamies et al., 2010). Assuming the 
distribution of G units in the alginate chain is in blocks of 8 contiguous units, in 
a 100 ml of microgel suspension containing 1 wt.% alginate (assuming density 
~1), the moles of the G units can be determined using Eq.3-7, where 𝑚 is the 
mass of alginate (g), 𝐺𝑓 is the fraction of guluronate = 0.39, and the estimated 
𝑀𝑤⁡of alginate ≈ 168 kDa.  
𝑚𝑜𝑙𝑒⁡𝑜𝑓⁡𝐺⁡𝑢𝑛𝑖𝑡𝑠 = ⁡
𝑚
𝑀𝑤
⁡𝑥⁡𝐺𝑓⁡ 3-7 
Based on the calculation above, 0.002 mmoles of G units per g of alginate are 
potentially participated in cross-linking Ca2+ ions. With a mole ratio of 4:1 
guluronate to Ca2+ to form compact dimers, the minimum Ca2+ to occupy the G 
units per g of alginate is 0.0005 mmoles, which translates to 0.008 mM Ca2+ 
concentration in 100 ml of microgel suspension. Hence, at 10 mM of CaCl2, the 
microgel suspension is highly saturated with Ca2+ ions, i.e., there are enough 
Ca2+ ions to fully occupy all the G units. This possibly explains why the microgel 
particle sizes remain constant with the increase of Ca2+ concentrations (Figure 
3-1).   
3.2.2 Effect of alginate viscosity in microgel particle sizes 
 displays the dynamic viscosity of 1 wt.% alginate solutions: low viscosity 
(LV), high viscosity (HV), and a mixture of LV and HV at 1:1 wt. ratio (medium 
viscosity-MV) over a range of shear rates from 0.1 to 10 s-1.  These alginate 
solutions behave like most high 𝑀𝑤 ⁡polymer solutions, i.e., shear thinning 
(Mancini et al., 1996), which is more pronounced in HV alginate.  The LV and 
MV are slightly shear thinning at low shear rate (𝛾 < 1 s-1), at higher shear rate 
they behave like Newtonian fluids. At 0.1 s-1 shear rate, viscosities of these 
alginate solutions at 1 wt.% are 0.005, 0.17, and 1.64 Pa.s for LV, MV, and HV, 
respectively. On mixing 1:1 wt. ratio of alginate LV and HV, the MV viscosity 
was well below the average for the two, confirming that other factors determine 
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its viscosity, such as 𝑀𝑤, M/G ratio or distribution of G units in the chain 
(polyguluronate is known to be a stiffer chain than polymanuronnate chain -
Mackie, Noy, & Sellen,1980). Thus, Figure 3-3 shows the LV was more 
dominant in affecting the overall viscosity of alginate solutions, possibly due to 
the higher proportion of the M fraction (0.69).  
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Figure 3-3. Dynamic viscosity (𝜼) of 1 wt.% of alginate solutions over 
shear rates (𝜸) at room temperature  
 
The microgel particles sizes prepared from these alginate solutions at 1 
wt.% with 10 mM Ca2+ via LJH are outlined in Figure 3-4. The microgel particle 
sizes were correlated with viscosity at 0.1 s-1 (correlation factor = 0.92), i.e., 
339 ± 45 nm, 401 ± 33 nm, and 460 ± 24 nm from LV, MV, and HV, 
respectively, with p < 0.05. This is attributed to the higher degree of Ca2+ cross-
linking in higher 𝑀𝑤 alginate. Although the 𝑀𝑤 via [𝜂] was estimated for LV but 
not for HV, HV will have a higher 𝑀𝑤 due to longer chain length and more G 
units being present (Padol, Draget, & Stokke, 2016).   
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Figure 3-4. Microgel particle mean diameters (µz) produced via Leeds 
Jet Homogenizer (LJH) in 80:20 ratio S block from 10 mM Ca2+ and 
1 wt.% alginate low viscosity (LV), medium viscosity (MV), and high 
viscosity (HV). 
 
Whether the viscosity of alginate solutions measured at these shear 
rates has any effect in the mixing behaviour in the LJH is open to question. The 
maximum shear rates (ϒ) can be determined using Eq.3-8: 
where 𝑣 is the fluid velocity and 𝑑 is the diameter of the orifice. Based on the 𝑣 
for each different viscosity of alginate solution as tabulated in Table 3.1 and 𝑑 = 
5 x 10-4 m, the calculated shear rates could be as high as 106 s-1. Given the 
shear thinning nature of the alginate solutions, it seems unlikely that viscosity at 
these high shear rates has a significant influence on microgel particle size and 
formation. The viscosity drop in shear thinning polymers is due to the depletion 
of chain entanglements at high shear rate (Morris, 1990). 
 The Reynolds number (𝑅𝑒) can also be estimated from Eq.3-9, based 
on the stated 𝑣 in Table 3.1 for alginate LV, MV, and HV.   
𝑅𝑒 = ⁡
𝜌⁡𝑣⁡𝑑
𝜂
 
3-9 
𝛾 = ⁡
8𝑣
𝑑
 3-8 
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If the 𝜂 of the alginate solutions at these high shear rates (see above) is 
assumed to be similar to 𝜂 of water, i.e., 10-3 Pa.s at room temperature, the 
calculated 𝑅𝑒 values are outlined in Table 3.1. (Density (𝜌) of alginate solutions 
assumed ~1 g.ml-1). The result indicates that the impact of viscosity is 
negligible in the turbulence mixing flow, i.e., 𝑅𝑒 > 104 for all alginate solutions. 
Table 3.1. The calculated fluid velocity (𝒗 ), shear rates (ϒ), and Reynold 
number (𝑹𝒆) of microgel suspension produced via the LJH using 
alginate LV, HV, and MV using S block  
Types of alginate Fluid velocity/⁡𝑣 
(m.s-1) 
Shear rates/ϒ          
(s-1) 
𝑅𝑒 
LV 78.7 ± 5.0 1.3 x 106 4.4 x 104 
MV 93.1 ± 15.6 1.5 x 106 5.2 x 104 
HV 91.8 ± 12.6 1.5 x 106 5.2 x 104 
 
Thus it can be concluded that the variation in the microgel particle size 
due to different alginate solutions (LV, HV, MV) is mainly influenced by the 
higher degree of Ca2+ cross-linking as more G units are present in higher 𝑀𝑤 
alginates, rather than the fluid velocity, shear rate, or the 𝑅𝑒 values.  
 
3.2.3 Effect of volume chamber on the particle size  
   
Table 3.2. Maximum volume of the 
chambers containing alginate (A) and 
Ca2+ (C) for different S and D blocks for 
the same volume ratio of 80:20 
 
Block 
types 
Alginate chamber 
(A) / ml 
Ca
2+ 
chamber 
(C) / ml 
S 16.6 4.1 
D 33.3 8.3 
Figure 3-5. Jet homogenizer diagram to illustrate the changes of volume 
of S and D blocks are affecting the volume of A and C chambers 
S vs. D 
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For the same volume ratio of 80:20, the jet homogenizer blocks used in 
the jet homogenizer have different volume capacities in containing the alginate 
(chamber A) and Ca2+ (chamber C), i.e., S (single) and D (double), see Figure 
3-5. The inner diameters of the S blocks are about 0.5 cm smaller than that of 
the D blocks with the same piston height. Consequently, it affects the volumes 
of chambers containing alginate and Ca2+ in the S blocks which are about a 
half of those in the D block, see Table 3.2. The sums of alginate and Ca2+ 
volumes from S and D blocks are the maximum volume of microgel 
suspensions that can be produced, i.e., 21 and 42 ml, respectively. However, 
the actual total volumes of the microgel suspension evacuated from the S and 
D blocks were only 12 ± 0.4 and 23 ± 1.4 ml. There were about 42 – 45 % 
unaccounted loss of the alginate and Ca2+ solutions which might be trapped 
inside the chambers or pipes.  
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Figure 3-6. The microgel particle mean diameters (µz) from alginate LV 
and HV produced via Leeds Jet Homogenizer (LJH) using volume 
chamber of S and D blocks   
 
With these two volume chambers, the microgel particle sizes produced 
are depicted in Figure 3-6. The microgel particle size became smaller as the 
volume of the chambers was larger. The Z-average (µz) of the microgel 
particles from 1 wt.% alginate LV and 10 mM Ca2+ are 355 ± 60 nm and 260 ± 
22 nm prepared using the S and D blocks, respectively. Similarly, the microgel 
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particles produced with alginate HV gave larger particles in the S than D block. 
The differences in the particle sizes between these two volume chambers were 
significant with p < 0.05 for both alginate LV and HV.  
The effect of volume of the chambers on the microgel particle size is 
primarily influenced by the fluid velocity (𝑣).  With the total volume in S less 
than in D block, based on Eq.3-3 the 𝑣 values produced in the S block vs. D 
block were calculated to be 78.7 ± 5.0 m.s-1 vs. 220 ± 40.7 m.s-1 in alginate LV 
and 91.8 ± 12.6 m.s-1 vs. 564.5 ± 442.1 m.s-1 in alginate HV (see Figure 3-7). 
The higher standard deviation in alginate HV is due to a large error in 
measuring the evacuation time of the microgel suspension, because it was 
difficult to handle high viscosity liquids via the pistons in the D blocks. In 
general, the larger the volume of the mixing chamber, the higher the fluid 
velocity which consequently affects the 𝑡𝑚. The 𝑡𝑚 of S vs. D blocks were 
calculated using Eq. 3-2; at higher speed the 𝑡𝑚 was increased from 4.4 to 7.3 
ms in alginate LV and from 4.7 to 11.7 ms in alginate HV, respectively. Higher 
𝑡𝑚 creates a smaller 𝐷𝑎, thus particle sizes of the microgel particles become 
smaller.  
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Figure 3-7. The fluid velocities (𝒗 ) of alginate LV and HV in S and D 
blocks in the Leeds Jet Homogenizer (LJH) 
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3.2.4 Microgel particle separation 
To separate the intact microgel particles from the excess aqueous 
phase, several methods were employed, such as (i) adding sucrose up to 24 
wt.% to the suspension to increase the density of aqueous phase to 1.1 g.ml-1 
(ii) air-drying the microgel suspension to produce microgel particles concentrate 
and (iii) both methods (i and ii) were subjected to ultra high speed 
centrifugation to collect the microgel particles.   
By adding sucrose it was expected to improve the microgel particle 
separation due to a larger density difference (Δρ ≈ 0.1 g.ml-1) between the 
microgel particles and the aqueous phase. However, no apparent separation 
was observed after centrifugation for 48,000 g up to 20 minutes (pausing for 
every 5 minutes to monitor the particle separation). This is possibly because of 
the competition of free water and also a potential interaction between sucrose 
and alginate via hydrogen bonds (Russ, Zielbauer, & Vilgis, 2014). This 
interaction was reflected in a significant change of the measured ζ-potentials, 
i.e., less negative for microgel particles in the presence of sucrose from -59.4 ± 
9 mV (no sucrose) to -24.2 ± 4.3 mV (with sucrose). Another reason is because 
the presence of sucrose in the suspension will draw more water out of the 
microgel particles via osmosis, causing them to shrink and become more 
dense, thus it defeats the initial objective of a greater Δρ.  
Another way to separate the microgel particles was by increasing the 
number of microgel particles (increasing the 𝜑) via the air-drying method at 
room temperature (22 ± 3oC). After evaporation, the concentrated microgel 
suspension was centrifuged at 48,000g for 20 minute. Evaporating the free 
water by air-drying seems to be effective, i.e., the microgel particles were 
visibly separated and settled on the bottom of the centrifuge tubes (see Figure 
3-8a). The microgel particle size and density were measured via Zetasizer and 
Density meter, respectively (see Chapter 2.2.4.1 and 2.2.4.2 for methods). The 
results for the supernatant (top) and the sediment (bottom) are shown in Table 
3-3. As predicted, the more dense and bigger microgel particles will settle as 
the sediment, thus they are more apparent when visualized via the light 
microscope (Figure 3-8b).   
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Figure 3-8. (a) Pictures of microgel suspension concentrate solutions 
after drying at 47 % moisture loss (𝝋= 0.065) and centrifuged for 
48,000 g for 20 minutes (b) Micrographs of the microgel particles 
from top and bottom of the centrifuge tubes viewed by light 
microscope at 20x magnification. 
Table 3.3. Particle sizes and densities of the microgel particles at 
different centrifuged locations 
Tube 
location 
Particle size                        
(µz) / d.nm 
Density                                               
(ρ)/g.ml-1 
TOP 113.3 ± 24.1 1.0066 ± 1.5 x 10-4 
BOTTOM 294.0 ± 76.8 1.0071 ± 1.2 x 10-4 
 
 
The microgel suspension was concentrated via air drying at room 
temperature (22 ± 3oC) and the density increased as more moisture was 
removed with a linear correlation factor of R2 ~1. The moisture loss is 
calculated using Eq.3-10 below: 
%⁡𝑀𝑜𝑖𝑠𝑡𝑢𝑟𝑒⁡𝑙𝑜𝑠𝑠 =
𝑚𝑖 −𝑚𝑐
𝑚𝑖
⁡𝑥⁡100⁡% 
3-10 
where 𝑚𝑖 is the initial mass of microgel suspension and 𝑚𝑐 is the mass of 
concentrated microgel suspension. The plot of %⁡𝑚𝑜𝑖𝑠𝑡𝑢𝑟𝑒⁡𝑙𝑜𝑠𝑠 against the 
density of microgel suspension (𝜌𝑠) has a linear correlation (R
2 ≈ 1) with a 
trendline equation displayed in Figure 3-9. Assuming at 100 % moisture loss 
the microgel particles would be tightly packed with minimal interstitial space 
between them, thus the 𝜌𝑠 equals the density of the microgel particles (𝜌𝑚); the 
calculated 𝜌𝑚⁡is ~1.01 g.ml
-1 based on the trendline equation in Figure 3-9. This 
assumption might be over- or underestimated because of shrinkage of the 
Centrifugation 
 
 
(a) 
(b) 
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microgel particle, or incomplete particle packing and compression. For 
example: after drying at 47 % moisture loss the particle size was reduced from 
298 ± 11.4 nm to 277.4 ± 17 nm, p < 0.05. However, the measured 𝜌𝑠 of the 
microgel suspension concentrated to 95 % moisture loss  was close to the 
calculated value, i.e., 1.016 vs. 1.009 g.ml-1 (ca. < 1 % error).   
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Figure 3-9. The density (𝝆) of microgel suspension as a function of 
moisture loss due to air-drying at room temperature. The inset 
graph is a plot of calculated φ as a function of moisture loss. 
 
3.2.5 The microgel yield, volume fraction (𝝋), and rheology of the 
suspensions 
The microgel yield, as measured via centrifugation, can be calculated via 
Eq.3-11 below, where 𝑚𝑚 is the mass of the microgel particles 𝑚𝑚obtained in 
the sediment collected during centrifugation and 𝑚𝑠 is the total mass of the 
microgel suspension.  
𝑀𝑖𝑐𝑟𝑜𝑔𝑒𝑙⁡𝑌𝑖𝑒𝑙𝑑⁡(%) = ⁡
𝑚𝑚
𝑚𝑠
⁡𝑥⁡100% 
3-11 
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The yield of the microgel particles prepared from 1 wt.% alginate and 10 mM 
Ca2+ using S block and D block before drying were 3.5 ± 1.0 % and 4.2 ± 1.0 
%, respectively, with no significant difference between S and D block.  
The microgel yield can be converted to microgel volume fraction (φ) 
which is defined as the fraction of microgel particle volume as a proportion of 
the total microgel suspension volume, assuming the density of the microgel 
particles (𝜌𝑚) as ≈ 1.01. The φ of microgel particles in the suspension can then 
be calculated via Eq.3-12. 
𝜑 =
𝑚𝑚
𝜌𝑚
𝑚𝑠
𝜌𝑠
 3-12 
The 𝑚𝑠 and 𝜌𝑠 are the mass and density of microgel suspension before and 
after drying (measured experimentally), respectively. The calculated volume 
fractions are displayed as an inset graph in Figure 3-9, showing the increase of 
φ in parallel with the increase of moisture loss, as expected. 
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Figure 3-10. Viscosity of microgel suspension at different volume 
fraction (φ) as a function of shear rates (𝜸).  
 
The increase in φ obviously also has an impact on the viscosity of the 
microgel suspension Figure 3-10 shows the viscosity of microgel suspensions 
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with different φ as a function of shear rates. At low φ (φ ≤ 0.044), the viscosities 
are weakly shear thinning at low shear rates (𝛾 < 1 s-1) and eventually reach 
constant and behave like Newtonian fluid at higher shear rates. However, at φ 
≥ 0.065, the viscosity is much higher at low shear rate and the rheology of the 
suspension exhibits a more pronounced shear thinning behaviour. Volume 
fraction is a measure of the free volume available for the particles. The 
increase in 𝜑 causes the microgel particles to have less free volume due to 
closer packing, hence its viscosity behaves more solid-like at high φ (Ching et 
al., 2016). While at low φ, the viscosity of the microgel suspension behaves like 
the viscosity of 1 wt.% alginate solution (φ = 0), shear thinning with the 
increase of shear rates at 𝛾 < 1 s-1, and then it reaches a plateau Newtonian 
apparent viscosity at 𝛾 > 1 s-1.   
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Figure 3-11. Viscosity of microgel suspension at φ = 0.035 (before 
drying) and viscosity of sediment (microgel particles) and 
supernatant (aquaeous phase) after centrifugation for 20 minutes 
at 48,000g. The inset graph is a rescaled plot of the viscosity of 
microgel suspension at φ = 0.035 and supernatant.   
  
Figure 3-11 displays the viscosity of the microgel suspension compared 
to that of the supernatant and sediment after centrifugation. The viscosity of the 
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microgel suspension behaves similarly to that of the supernatant (the aqueous 
phase), i.e., practically Newtonian behaviour. It can be noticed from the inset 
graph in Figure 3-11 that the supernatant viscosity is slightly higher compared 
to the microgel suspension viscosity over the shear rates range measured (0.1-
10 s-1). This could be possibly due to the Ca2+ cross-linking excess alginate 
molecules in the bulk that have not been incorporated into microgel particles. 
The viscosity of sediment behaves similarly as the microgel suspension at high 
φ (φ ≥ 0.065) confirming the solid-like rheology of the microgel concentrate due 
to tighter packing or crowding of the microgel particles.  
3.2.6 Micrographs of microgel particles 
Electron micrographs of the microgel particles obtained via SEM are 
shown in Figure 3-12b/c, prepared from 1 wt.% alginate and 10 mM Ca2+ (see 
Chapter 2 for the methods of preparation). Figure 3-12a shows a micrograph of 
1 wt.% alginate solution as a blank – no particles were observed. Due to 
difficulties of beam damage, it was a challenge to obtain clear images of 
samples at higher magnification. The particle sizes of the microgel particles 
obtained at higher magnification vary between ~127 and 264 nm. For a more 
quantitative approach, Figure 3-12b was analysed using ImageJ software to 
determine the mean size of the counted objects. The area of these objects in 
pixels was converted to diameter of circular objects of equivalent area, in nm. 
This gave a mean diameter of 140 ± 50 nm, reasonably close to the sizes 
indicated from the images with higher magnification (Figure 3-12c) but slightly 
smaller than the DLS measured µz less than 300 nm (if produced via D block) 
possibly due to aggregates measured as large microgel particles, but also 
possible shrinkage in the SEM due to the vacuum conditions. 
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(a) 
 
(b) 
 
(c) 
Figure 3-12. Micrographs obtained via SEM method of (a) 1 wt.% 
alginate LV solution (b) microgel particles prepared from 1 wt.% 
alginate and 10 mM Ca2+ and (c) enlarged microgel particles images 
of (b) with higher magnification and approximated microgel particle 
sizes 
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(a) 
 
(b) 
 
(c) 
 
(d) 
Figure 3-13. Micrographs of microgel particles prepared from 1 wt.% 
alginate and 10 mM Ca2+ obtained via (a) FE-SEM, (b) TEM, (c) E-
SEM, (d) enlarged from (c) to show the presence of aggregates 
Figure 3-13 shows the microstructure of the microgel particles obtained 
via other types of SEM, i.e., Field emission (FE-SEM), Transmission (TEM), 
and Environmental (E-SEM). With higher magnification in Figure 3-13a via FE-
SEM, there is the suggestion that the microgel particles consist of nano-sized 
particles (< 50 nm) and some of these are forming clusters or aggregates. 
Similarly for images obtained from E-SEM and TEM (Figure 3-13b and Figure 
3-13c/d), the microgel particles appear to be forming aggregates or clusters.  
 
500 nm X13500  
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3.2.7 Particle reduction via sonication 
 
Figure 3-14. Particle size distribution by volume percentage (V) of Ca-
alginate microgel particles prepared from 1 wt.% alginate and 10 
mM CaCl2 in the 80:20 S block of the jet homogenizer before 
() and after (----------) sonication. 
 
Figure 3-14 shows the detailed particle size distribution (PSD) 
determined via Zetasizer. The vol.% PSD suggested that there were two 
populations of particles – a lower volume one below 100 nm in size and a 
larger one with a peak size at just under 1 µm. A broad distribution might be 
expected due to some tendency for the primary particles to aggregate (Santos 
et al., 2013). Sonication was therefore applied to disintegrate the aggregates. 
Figure 3-14 shows that sonication caused the PSD to become narrower and 
monomodal, with the 2 peaks at ~100 nm and 1 µm shifting to give a single 
peak centred on ~150 nm. This suggested that the larger particles may indeed 
have been aggregates of the smaller microgel particles. Similar effects of 
sonication on alginate gel particles have been observed elsewhere 
(Lertsutthiwong et al., 2008; Santos et al., 2013).   
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Figure 3-15.  Ratio of Ca-alginate microgel particles mean diameter after 
(𝝁𝒛
𝒔) and before (𝝁𝒛
𝒐) sonication versus sonication time (t). 
 
Figure 3-15 shows the ratio of the Z-average diameter after sonication 
(𝜇𝑧
𝑠) to that before sonication (𝜇𝑧
𝑜) versus sonication time. Up to ca. 15 min 
sonication there was a decrease in particle size with longer sonication time. For 
example, 10 min sonication produced an almost 50% reduction in 𝜇𝑧
𝑠. 
Sonication for longer than 15 minutes did not produce any further decrease in 
size, suggesting the primary particle size had been achieved. On the contrary, 
prolonged sonication or higher power sonication tended to produce an increase 
in particle size. This was perhaps because microscopic local heating caused by 
the cavitation processes during sonication (Kardos et al., 2001) caused surface 
melting of gel particles and enhanced their fusion and aggregation, even 
though the bulk temperature of the sample was maintained below 35 ºC. 
Therefore, sonication should be used with caution when trying to dis-aggregate 
such particles. 
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3.3 Conclusions 
The microgel particle sizes produced via the LJH are controllable 
depending on the physical properties and concentrations of the starting 
materials of alginate and Ca2+ as well as the fluid velocities. Increasing the 
alginate concentration has resulted in larger microgel particles due to the 
increase of 𝐷𝑎. Whilst, the increase of Ca2+ concentration does not have any 
impact in the microgel particle sizes because all the guluronate residues are 
saturated with Ca2+ at 10 mM concentration. The fluid velocity which is affected 
by the volume of the chambers (S vs. D blocks) has also an influence in 
microgel particle size reduction at higher volume leads to higher tm, thus 𝐷𝑎 
becomes smaller.  From the rheology data, the intrinsic viscosity [𝜂]⁡and the 
𝑀𝑤 of the alginate LV used in this study were estimated around 13.2 ml
-1.g and 
168 kDa, respectively.  The microgel particle were separated via centrifugation 
method and the calculated yields were 3.5 and 4.2 % for S and D block, 
respectively. The micrographs of the microgel particles obtained from electron 
microscopy techniques showed their presence in aggregates or clusters, thus 
sonication was employed to breakdown into primary microgel particles. 
From this study, it has proven the capability of the LJH to produce 
microgel particles with tuneable sizes which can provide a fundamental 
knowledge to produce microgel particles from other types of Ca2+ sensitive 
polysaccharides and for potential encapsulation functionalities.  
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Chapter 4 Encapsulation of water-insoluble polyphenols and β-
carotene in Ca-alginate microgel particles produced by 
Leeds Jet homogenizer 
4.1 Introduction 
The aim of this chapter is to explore the possibilities of entrapping water-
insoluble compounds such as flavonoids (rutin and tiliroside), curcumin and β-
carotene into Ca-alginate microgel particles produced via the Leeds Jet 
Homogenizer (LJH). These compounds have been widely studied for their 
potential health benefits as antioxidants, anti-cancer agents, 
immunomodulatory effects, etc. (Galati & O’Brien, 2004; Gul et al., 2015; 
Soobrattee, Bahorun, & Aruoma, 2006). Therefore, entrapping them in water-
dispersible microgel particles could be beneficial as a means to increase their 
incorporation into foodstuffs and control their uptake.  
The inclusion of water-insoluble crystals was achieved via the LJH with 
the parameters detailed in Materials and Method section. It is critical to note 
that the water-insoluble solid compounds remained as their innate crystalline 
states prior to mixing into the LJH. The solubility limits of tiliroside, rutin, and 
curcumin in water are 2.1 µM at pH 8 (Luo et al., 2012), ~0.1 mM (Mauludin, 
Müller, & Keck, 2009), and 0.25 mM at pH 8 (Tønnesen, 2006), respectively. 
Rutin has a sugar moiety attached to the flavonol structure, which contributes 
to higher solubility compared to tiliroside, despite their chemical structures 
falling into the same family of flavone ring (Luo et al., 2012). At the 
concentration used in this study, i.e., 0.5 mM or 500 µM, these polyphenols 
should be mostly insoluble and remain in their crystalline form. The oil soluble 
compound of β-carotene has a high melting point, i.e., 178 oC (Coronel-
Aguilera & San Martín-González, 2015). Thus, its presence should also be in 
the crystalline form under the experimental conditions of the current study, 
which was conducted at room temperature (20 ± 4 oC). Incorporating them in 
the crystalline forms deliberately would simplify the mixing step in the LJH by 
dispersing them in alginate phase.  
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4.2 Results and Discussion 
4.2.1 Particle size distribution of the Ca-alginate microgel particles 
In the previous chapter (Chapter 3), the microgel particles were 
produced by the LJH using alginate and Ca2+ at concentrations of 1 wt.% and 
10 mM, respectively, and the particle size fell into < 1 µm size regime. In this 
study, larger particle sizes were produced for encapsulation purposes. This 
was achieved by increasing the concentration of alginate and Ca2+ up to 2 wt.% 
and 20 mM, respectively. As a direct consequence of increasing the 
concentration of alginate, the reaction time (𝑡𝑟)⁡⁡decreases as higher 
concentrations, so larger particles are formed. Higher alginate concentration 
would also increase the viscosity, translating to lower 𝑅𝑒, which might indirectly 
impact the decrease in 𝑡𝑚 (Matteucci et al., 2006). However, this latter case will 
have less impact because the shear rates in the LJH will be very high, so the 
apparent viscosity will be lowered due to the shear-thinning nature of the 
alginate solutions. The particle size generated with these concentrations was 
thus larger, e.g. ranging from 1 < μ < 300 μm.  
 
Figure 4-1. Particle size of Ca-alginate microgel particles produced from 
20 mM Ca2+ and 2 wt.% of alginate in 0.02 M of imidazole buffer pH 5 
and 8. 
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The microgel particles were produced here at pH 5 and 8 in 0.02 M 
imidazole buffer (see ). At pH 8, the particle size distribution displayed a broad 
monomodal curvature ranging from 1 to 250 µm with a peak at around 30 µm. 
At pH 5, the size distribution had a bimodal distribution with peaks at around 10 
μm and 100 µm. In general, most microgel particles were below 300 μm at both 
pHs. Such a broad size distribution aids entrapment of the range of sizes of the 
water-insoluble crystals (typically less than 200 µm in size).  
 
4.2.2  
4.2.2  
Particle size of the polyphenol crystals and Ca-alginate 
microgel particles with encapsulated polyphenols 
The measured particle sizes of the insoluble polyphenol compounds via 
Mastersizer were between 0.1 to 100 µm, as shown in Figure 4-2a. Tiliroside 
possessed the smallest particle size with peaks at around 0.3 μm and 1 μm 
while curcumin had the broadest particle size distribution (peaks at around 10 
µm and 100 µm) and rutin’s particle size was ~20 μm. These particle sizes 
were obtained by dispersing them into Millipore water (at pH 6.8 ± 0.2) via 
Ultraturrax at 24,000 rpm without passing through the LJH. It would be 
unsurprising to find them in aggregated forms, whereas passage through the 
LJH might break up such aggregates. There were some nanocrystals of 
polyphenols present, since upon filtration via 1 µm Whatman filter and 
measurement via Zetasizer submicron particulates were detected – see Figure 
4-2b and Figure 4-3. The Z-average (µz) from the smallest to the largest were 
as follows; tiliroside (182.4 nm) ≥ rutin (210.8 nm) ≥ curcumin (217.3 nm). With 
such small particle sizes, the inclusion of these polyphenol nanocrystals into 
the micron-sized of the microgel particles was expected to easily take place.  
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Figure 4-2. Particle size distribution of water-insoluble polyphenols (1 mM 
of rutin, tiliroside, and curcumin dispersed in Millipore water) as 
measured by Mastersizer (a) and filtered through Whatman 1 µm as 
measured by Zetasizer (b) 
 
 
Figure 4-3. Particle size (µz)  of 1mM rutin, tiliroside and curcumin 
dispersed in Millipore water filtered through Whatman 1 µm as 
measured by Zetasizer 
 
The Sauter mean diameter (d32) of the microgel particles with and 
without the entrapped polyphenols at pH 5 and 8 is displayed in Figure 4-4. The 
d32 of these microgel particles with encapsulated polyphenols followed the 
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same size order as the µz of the nanocrystals of polyphenols (Figure 4-3). 
Tiliroside, with the smallest nanocrystals (182.4 nm), gave the smallest d32 in 
the encapsulated form (Ca-ALG+T) with values of around 3.4 µm and 0.1 µm at 
pH 5 and 8, respectively. The nanocrystals of rutin and curcumin were roughly 
around the same size (210.8 nm and 217.3 nm, respectively), the d32 for both in 
encapsulated forms also reflected this size difference. The d32 of Ca-ALG+CU  
and Ca-ALG+R were around 8 µm at pH 5 and 11 µm at pH 8 with higher mean 
diameter at higher pH. Thus, the size of polyphenol nanocrystals possibly 
dictates the final size of the entrapped microgel particles, via them acting like 
‘nuclei’ during the formation of the microgel particles. 
 
Figure 4-4.  Particle Sauter mean diameter (d32) of Ca-alginate microgel 
particles with or without the insoluble polyphenols at pH 5 and 8 
 
Table 4.1. Particle volume mean diameter (d43) of Ca-alginate microgel 
particles with or without insoluble polyphenols at pH 5 and 8 
 
 
Ca-ALG Blank 
(µm) 
Ca-ALG+R 
(µm) 
Ca-ALG+T 
(µm) 
Ca-ALG+CU 
(µm) 
pH 5 12.0 ± 1.0 40.4 ± 9.2 7.3 ± 1.5 264.6 ± 105.9 
pH 8 16.7± 2.5 43.9 ± 7.4 6.4 ± 1.3 268.0 ± 99.7 
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As observed, there was an effect of the pH in the microgel particle mean 
diameter: d32 for the microgel particles without polyphenols (Ca-ALG Blank) 
was smaller at pH 5 than pH 8, see Figure 4-4. The d32 for the Ca-ALG Blank 
were 5.0 ± 0.5 µm and 7.3 ± 1.0 µm at respective pH 5 and 8. The volume 
mean diameter (d43) tabulated in Table 4.1 also showed a similar trend: the d43 
for Ca-ALG Blank were 12 µm at pH 5 versus 16.7 µm at pH 8. The mean 
difference at pH 5 and 8 for both d32 and d43  were significantly different with p < 
0.05. The shrinkage of Ca-ALG Blank at low pH was probably due to the loss of 
electrostatic repulsion between COO- groups in alginate chains in the presence 
of abundantly available H+ ions (Li et al., 2011). With the pKa of the COO- 
groups approximately 3.5 (Lee & Mooney, 2012), the microgel particles are 
inclined to be swollen at higher pH due to mutual repulsion between the 
negatively charged chains and greater uptake of water (Zhang et al., 2015).  
Similar pH trends were observed with rutin encapsulated in the microgel 
particles (Ca-ALG+R). The mean diameters (both d32 or d43  values) at pH 5 
were smaller than pH 8 (Figure 4-4 and Table 4.1). Comparing pH 5 vs. 8, the 
d32  of Ca-ALG+R were 8.5 ± 1.2 µm vs. 11 ± 2.3 µm (p < 0.05) and the d43 
were not significantly different between 40.4 µm vs. 43.9 µm. Rutin’s pKa is 
~7.1 (the OH group in the C7 location of the flavone ring) and was therefore 
prone to changes in dissociation between pH 4 and 8 (Herrero-Martínez et al., 
2005). Thus at pH 8, there would be an increase in electrostatic repulsion from 
negatively charged rutin and deprotonated of COO- groups in alginate chain, 
which might be expected to lead to larger particle size. Conversely, at pH 5, the 
Ca-ALG+R particle became smaller due to attractive forces in more positively 
charged environment between rutin and alginate.  
Tiliroside encapsulated in the microgel particles (Ca-ALG+T) behaved 
differently. Ca-ALG+T exhibited smaller size at pH 8 compared to pH 5; d32 
were 3.4 ± 0.3 µm and 0.1 ± 0.01 µm at pH 5 and 8, respectively (Figure 4-4). 
The d43 values in Table 4.1 also confirm that the particle size was larger at 
lower pH for Ca-ALG+T. Luo et al. (2012) measured the particle size and ζ-
potential of tiliroside crystals in imidazole buffer from pH from 2 to 8 in the 
presence of 0.05 M NaCl (see Figure 4-5) (there was no added NaCl in this 
current study, but the presence of salt is not  expected to impact the ζ-potential 
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values significantly). Their results showed an increase in tiliroside particle size 
when the ζ-potential changed from negative to positive at lower pH. The 
increase of particle radius of tiliroside was more pronounced as its ζ-potential 
was close to zero. Although the particle size of tiliroside crystals at pH 5 and 8 
was not measured in this study, however, the size distribution of the 1 mM 
tiliroside crystals at pH neutral (6.8 ± 0.2, closer to pH 8) as shown on Figure 
4-2b displayed the some portion of these nanocrystals at < 100 nm. 
         
 
Figure 4-5. The particle size (r) of 100 µM tiliroside + 0.05 M NaCl versus 
ζ-potential. (Figure after Luo et. al., 2012) 
  
Luo et al. (2012) postulated that at low pH the tiliroside has a tendency 
to form intermolecular aggregates that cause the particle size to be larger. This 
could be key to understanding why Ca-ALG+T particle size was larger at pH 5 
vs. pH 8. Perhaps the entrapment occurred when the tiliroside crystals were 
still in aggregated form at pH 5.  Although at pH 5 the ζ -potential of tiliroside 
was not zero, but around –10 mV (from Figure 4-5), we postulated the particle 
size of tiliroside at pH 5 was at least 50 % larger than at pH 8. The LJH is 
known to provide a very rapid mixing, but apparently it still cannot prevent this 
tiliroside aggregation, i.e., aggregate formation must occur at a faster timescale 
compared to the reaction time of Ca-alginate bridging, thus aggregates of 
tiliroside crystals are entrapped.                                     
pH 5 
pH 8 
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The d32 of curcumin encapsulated in Ca-alginate microgel particle (Ca-
ALG+CU) was smaller at pH 5 , i.e., 7.8 ± 3.5 µm, compared to pH 8, i.e., 11.4 
± 5.8 µm, respectively, although the difference was not significant (with p > 
0.05 due to large standard deviation for both pHs, see Figure 4-4). The d43  
results also reflected the high variability, thus almost no difference in d43 
between pH 5 and 8 (Table 4.1). The average net charge of curcumin as a 
function of pH was reported by Wang et al. (2010) in their Supporting document 
(see Figure 4-6), by taking into account of each of the functional groups in 
curcumin structure. The pKa of the keto-enol group was 8.4, and that of both 
phenol groups were 9.9 and 10.5. At the pH values used here, the net charge 
of curcumin would be zero at pH 5 and slightly less than zero (~-0.25 net 
charge) at pH 8. The lack of difference in particle size both d32  and d43  of Ca-
ALG+CU is thus supported by the lack of difference in average net charge of 
curcumin at both pH 5 and 8.  
Figure 4-7 shows the ζ-potential of the microgel particles with or without 
flavonoids at pH 5 and 8. All these microgel particles exhibited less negative 
values at pH 5 compared to pH 8, which suggests the effect of pH on the 
dissociation of the alginate carboxylates dominates. At both pHs, the ζ-
potentials of Ca-ALG+R and Ca-ALG+T tended to be more negative compared 
to Ca-ALG Blank. This suggests that significant amounts of rutin and tiliroside 
could be adsorbed to or trapped in the surface of the microgel particles. The 
ubiquitous presence of OH functional groups in polyphenols could be mainly 
responsible for the adsorption to the microgel particles either via Ca2+ cross-
linking or hydrogen bonding interactions. 
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Figure 4-6. Average net charge of curcumin as a function of pH, The 
dotted lines indicates the pHs used in the current study. 
(Figure after Wang et al., 2010) 
 
 
Figure 4-7.The ζ-potential of Ca-alginate microgel particles with and 
without polyphenols at pH 5 and 8 in 0.02 M imidazole buffer 
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4.2.3 Particle size of β-carotene encapsulated microgel particles 
Figure 4-8 shows the particle size of β-carotene crystals at each mixing 
stage and its encapsulated form in the microgel particles (Ca-ALG+BC+TW20). 
For β-carotene encapsulation, a dispersion of insoluble crystals of β-carotene 
and Millipore water plus Tween 20 (TW20) was formed using the Ultraturrax at 
its highest speed, 24000 rpm, followed by a sonication step. This coarse 
dispersion of β-carotene in water produced a broad spectrum of particle sizes 
centred on 5.4 ± 2.6 µm. As it was dispersed into the alginate phase (2 wt.% 
alginate concentration) before passing into the LJH, the particle size of the β-
carotene crystals became larger, with a peak size distribution centred at 15.4 
µm. Depletion flocculation potentially occurred when mixing the polymer with 
the β-carotene. A similar phenomenon was observed when β-carotene oil 
droplets were mixed with mucin during in-vitro digestion steps by Salvia-Trujillo, 
Qian, Martín-Belloso, & McClements (2013). They found an enlargement of the 
droplet size of β-carotene in the mouth and stomach during the early onset of 
digestion due to high level of mucin, which they attributed to depletion 
flocculation. Although there was some enlargement of β-carotene crystals as 
they were dispersed into 2 wt.% alginate, after passing through the LJH the 
size of Ca-ALG+BC+TW20 was reverted back to close to original crystals size 
of ~5.5 µm. (This proves the efficacy of LJH as a technique for breakdown of 
these organic crystals into smaller size). 
 91 | P a g e  
 
 
 
 
 
 
     (a)                                (b)                              (c)     (d) 
 
Figure 4-8. Particle size of β-carotene crystals stabilized with TW20 
dispersed in water (a) mixed at 24,000 rpm with Ultraturrax (b), 
added with 2 wt.% alginate and mixed at 24,000 rpm with 
Ultraturrax (c), homogenized and encapsulated in microgel 
particles (d) 
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4.2.4 CLSM images of the water-insoluble materials encapsulated in 
Ca-alginate microgel particles 
The CLSM method benefited from the autofluorescence properties of 
rutin, tiliroside, curcumin and β-carotene to prove their positioning within the 
microgel particles. This enabled us to visualize the success, or not, of the 
encapsulation. The microgel particles do not fluorescence, but by adding FITC-
dextran, a large 𝑀𝑤 dextran, it dyed the aqueous phase to highlight the 
presence of the microgel particles, which appeared as dark objects against the 
aqueous fluorescent background. 
Figure 4-9 shows CLSM images that differentiate between a dispersion 
of the insoluble tiliroside crystals in the aqueous phase versus a suspension of 
the the microgel particles with entrapped tiliroside. With no microgel particles 
present in the dispersion (Figure 4-9a), there was no appearance of the dark 
objects at 488 nm excitation and  the insoluble tiliroside particles at 458 nm 
excitation were distributed evenly. In the microgel suspension (Figure 4-9b), the 
tiliroside crystals appeared to be in more aggregated clusters at 458 nm 
excitation. At 488 nm excitation it was clearly seen that these bright clusters 
were coterminous with the dark objects that were the microgel particles. This 
was good direct evidence that clusters of insoluble tiliroside particles were 
entrapped within the nascent microgel particles.   
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Figure 4-9. CLSM image and its enlargement area of (a) dispersion of 1 mM tiliroside and (b) suspension of Ca-alginate 
microgel particles entrapped with 0.5 mM tiliroside made via the Leeds Jet Homogenizer (LJH), both were in 0.02 M imidazole 
buffer pH 5 and contained 2 wt.% gelatin to immobilize the particles.
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However, as with all 2D images, it is difficult to precisely know whether 
these tiliroside particles are trapped inside or attached to the surface of the 
microgel particles. There seemed to be no measurable difference in the 
diameters of the tiliroside particles at 458 nm excitation and the microgel 
particles at 488 nm excitation from Figure 4-9 above. A z-scan of the 3D image 
was also experimented with twenty slices of cross section generated, see 
Figure 4-10. At 458 nm excitation, the fluorescence signal was detected 
throughout the twenty slices of the cross section. This indicated that tiliroside 
crystals were conceivably entrapped inside of the microgel particles. 
 
 
Representative CLSM images of other encapsulated polyphenols in the 
microgel particles are shown in Figure 4-11. Unfortunately, the magnification 
was not uniformly scaled for each image due to in situ enlargement when 
zooming in on the particles. Although the line scale could be used as a 
benchmark for sizing, we ought to keep in mind that CLSM is not a 
recommended analytical tool to determine the particle size, unless thousands 
of objects are counted. However, the CLSM images clearly showed clusters of 
the polyphenols retained in the microgel particles. From the Figure 4-11, it 
could be concluded that despite difference in pH, i.e., 5 and 8, the 
encapsulation of these insoluble particles was still achieved.  
 
Figure 4-10. The z-scan cross section of CLSM image of tiliroside 
encapsulated in ca-alginate gel particle at 458 nm (a) and 488 nm (b) 
excitation 
a b 
Excitation: 458 nm 
Emission : 460 – 480 nm 
 
Excitation: 488 nm 
Emission: 500 – 550 nm 
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(c) 
Figure 4-11.  CLSM images of encapsulated of (a) 0.5 mM tiliroside at 
pH 8, (b) 0.5 mM curcumin at pH 5, (c) 0.5 mM curcumin at pH 8 of 
0.02 M imidazole bufffer.  
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Again, similar findings were observed for β-carotene encapsulation 
(Figure 4-12). The excitation wavelength of β-carotene was at 514 nm, while 
FITC dextran was excited at 488 nm. Even though β-carotene was oil soluble, 
Nile red was not used as the dye of choice to locate the compound because it 
interfered with the fluorescence spectra of β-carotene. Nile red excitation 
maximum is at 514 nm and emission at 633 nm, thus it interfered with the 
fluorescence signal from β-carotene which was excited at the same 
wavelength. Therefore, FITC was advantageous in this system because it did 
not interfere with β-carotene excitation. From the Figure 4-12, it is seen that the 
clusters of β-carotene crystals at 514 nm excitation appeared coterminous with 
the microgel particles visualized using 488 nm excitation. This signified that the 
entrapment of β-carotene crystals in the microgel particles was achievable via 
the LJH.   
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Figure 4-12. CLSM images of β-carotene+TW20 encapsulated in Ca-alginate microgel particles
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Excitation : 488 nm 
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22.3 μm 22.3 μm 
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4.2.5 Light microscopy images of the water-insoluble materials 
encapsulated in Ca-alginate microgel particles 
Some light microscopy images for encapsulated curcumin in Ca-alginate 
microgel are shown in Figure 4-13. The samples were filled into a welled slide 
(~3 mm depth). Viewed in 2D, these  microgel particles could be seen as in 
either circular or elongated elliptical rings which represented the boundary layer 
of the microgel particles. In the microgel particles without curcumin (blank) 
sample, there were large amounts of these ‘opened ring’ particles (Figure 4-13 
a and b) while the encapsulated curcumin particles had more of the ‘filled rings’ 
(Figure 4-13 c and d). These filled rings revealed the entrapped curcumin in the 
microgel particles.  
 
  
  
 
Figure 4-13. Light microscope images of Ca-alginate microgel particles at 
pH 5 (a) and pH 8 (b) and curcumin encapsulated in Ca-alginate 
microgel particles at pH 5 (c) and 8 (d)  
 
 
a c 
b d 
    10 μm 
 10 μm 
 10 μm 
 
  10 μm 
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Light microscopy images of encapsulated β-carotene are displayed in 
Figure 4-14. The particle shape was not as rounded as the curcumin samples. 
The sample preparation was slightly different than with the curcumin samples. 
The sample was smeared and pressed onto the slides to remove any excess 
liquid and to immobilize the particles, thus the particles might have been 
squashed due to excessive pressure against the cover slip. However, these 
micrographs still provided a tangible picture of encapsulated β-carotene in the 
microgel particles with TW20 which is represented by these bright red particles. 
 
(a) 
 
(b) 
Figure 4-14. Micrographs of microgel particles with no β-carotene (a) and 
β-carotene encapsulated microgel particles with TW20 (b) 
 
The results with alginate encouraged us to attempt the same 
encapsulation technique with other calcium sensitive biopolymers: ҡ-
carrageenan and pectin. Figure 4-15 and Figure 4-16 summarise some of the 
results. There are some apparent ‘boundary walls’ (which represent the 
nascent of microgel particles) with some of the flavonoid crystals entrapped 
inside and also some free crystals on the outside of the microgel particles. 
Thus, the methodology seems quite general and broadens the potential for 
producing a wide range of different types of polysaccharide-based microgel 
particles.
10 µm 10 µm 
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Figure 4-15. Micrographs of (a) 1 wt.% curcumin and (b, 
c) 1 wt.% tiliroside encapsulated in ҡ-carrageenan 
microgel particles, made from 4 wt.% ҡ-carrageenan 
and 50 mM Ca2+ 
 
 
 
Figure 4-16. Micrographs of (a) 1 wt.% rutin, (b and c) 1 wt.% 
crocetin, and (d) 1 wt.% naringin encapsulated in pectin 
microgel particles, made from 3 wt.% LM pectin and 25 mM 
Ca2+  
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4.2.6 Addition of magnetic nanoparticles (MNPs) suspension as a 
method of particles separation  
In Chapter 3, the Ca-alginate gel particles were separated via 
centrifugation. The centrifugation was performed at high speed, i.e., 20,000 
rpm (48,343 g), due to the low density difference between the microgels and 
the aqueous phase (although density of the microgel particles was unknown, it 
was expected to be ~1 based on the large proportion of water they contain). 
However, when polyphenols or β-carotene were encapsulated, this should 
have led to a much wider density gap. Figure 4-17 outlines the density of these 
polyphenols and β-carotene crystals benchmarked against the predicted Ca-
alginate microgels density. In this case, when centrifugation was performed, all 
these insoluble particles (whether they were entrapped or not) would either sink 
to bottom of the tube (for density > 1, i.e., polyphenols) or rise to the top (for 
density <1, i.e., β-carotene). Thus, the quantification of microgel particle yield 
or loading efficiency could not rely on centrifugation separation alone because 
of these un-entrapped portions of the polyphenol and β-carotene crystals.  
 
Figure 4-17. Density values of water-insoluble compounds used 
for encapsulation 
 
To enable better separation of encapsulated and non-encapsulated 
materials, MNPs were loaded into the microgel particles by mixing them into 
the alginate phase during homogenization. By entrapping these MNPs along 
with the insoluble particles, it enabled harvesting the encapsulated microgel 
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particles via application of a magnetic field. The impact of adding the MNPs on 
the size of the microgel particles can be observed in Figure 4-18. The d32 of the 
microgel particles with or without MNPs were not significantly different across 
various refractive indices, which encompassed the refractive indices of the 
polyphenols: 1.45 (rutin), 1.75  (tiliroside), or 2.42 (iron oxide).   
 
Figure 4-18. Particle size (d32) of Ca-alginate microgel particles (Ca-
ALG) with and without  magnetic nanoparticles (MNPs) at different 
refractive indices (𝒏) 
 
Addition of the MNPs also did not influence any changes of the d3,2 of 
the microgel particles with or without β-carotene. For β-carotene encapsulation, 
the average of d32 of the β-carotene + TW20 encapsulated in microgel particles 
with or without the MNPs were similar, i.e., 4.91 ± 0.12 μm and 5.44 ±0.49 μm, 
respectively. Figure 4-19 shows no significant shift of the size distribution peaks 
as the MNPs were added into the Ca-ALG+BC+TW20. Thus, the addition 
MNPs did not appear to have any impact on the particle size which implied a 
minimal interaction of MNPs with the microgel particles or β-carotene.  
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Figure 4-19. Particle size distribution of β-carotene encapsulated in Ca-
alginate microgel particles with and without magnetic nanoparticles 
(MNPs) 
 
Polyphenols are known to chelate with metal ions due to the presence of 
negatively charged hydroxyl groups which can bind the positively charged 
metal ions strongly via electrostatic interaction. We measured the ζ-potential of 
the MNPs and the value was close to neutral, i.e., 1.26 ± 0.02 mV. The MNPs 
were in the form of iron II and III oxides and their minimal charge would be 
expected to minimize their interaction with alginate or the insoluble 
polyphenols. Moreover, the concentration of magnetic suspension spiked into 
the alginate phase was low, i.e., 0.02 wt.% (wet weight). Considering the dry 
weight of the magnetic suspension was only 0.19 ± 0.01 wt.%, only ~0.004 
wt.% of the iron particles was the content. At such low concentrations, it is 
therefore not surprising that the MNPs did not significantly change the microgel 
particle formation with or without polyphenols and β-carotene.  
However, another concern to address was whether the concentration of 
MNPs was high enough to cover the whole surface area of the microgel 
particles and possibly inhibit the entrapment of water-insoluble compounds. If 
we assume the microgel particle is a spherical (see Figure 4-20), the total 
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surface area covered by the MNPs can be  calculated using Eq.4-1. The area 
of MNPs to cover the surface is defined by Eq.4-2.  By knowing the ratio of ⁡ : 
𝐴𝑀𝑁𝑃 we can determine the number concentration of MNPs required to fully 
cover the whole surface of a microgel particle, assuming rmicrogel = 5 µm and rMNP 
= 67 nm. 
𝐴⁡ = ⁡4⁡𝜋⁡(𝑟𝑚𝑖𝑐𝑟𝑜𝑔𝑒𝑙 + 𝑟𝑀𝑁𝑃⁡)
2 
4-1 
𝐴𝑀𝑁𝑃 ⁡= ⁡⁡𝜋⁡(𝑟𝑀𝑁𝑃)
2 
 4-2 
With maximum surface packing density of 0.9069, the ratio of 𝐴⁡𝑚𝑖𝑐𝑟𝑜𝑔𝑒𝑙:𝐴𝑀𝑁𝑃 
equals to 1:20,474. 
 
               
Figure 4-20. Schematic illustration of surface area ratio of Ca-alginate 
microgel particles and magnetic nanoparticles (MNPs) 
 
If we have a known amount of microgel suspension, i.e., 1 g, which 
contains ~5 wt.% of microgel particles and 0.004 wt.% (solid content) of MNPs, 
we can determine their volumes using Eq.4-3. Assuming the densities of 
microgel  and MNPs are ~1 g.ml-1 and 5.2 g.ml-1, respectively, (Ianoş et al., 
2012), respectively. 
𝑉⁡ = ⁡𝜌⁡x⁡𝑀⁡ 
4-3 
where 𝑉 = Volume (ml), 𝑀 = mass (g), 𝜌 = density (g.ml-1).  
rmicrogel= 5000 nm 
rMNP= 67 nm 
2D view of MNPs from the 
microgel’s surface 
rMNP= 67 nm 
 
rMNP 
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The total surface area for microgels and MNPs in 1 g suspension can be 
calculated using Eq.4-4. 
𝐴 =⁡
𝑉
𝑟
  
4-4 
where 𝐴 = Area, 𝑉 = volume, 𝑟 = radius. 
From the above calculations, the total surface areas of microgel and 
MNPs in 1 g of microgel suspension equal to 1 x 1016 nm2 and 1.1 x 1014 nm2, 
respectively. Thus, the ratio of total surface area of the microgel versus MNPs 
will be 100:1, i.e., the total surface area of the microgel particles far exceeds 
the capacity of the magnetic nanoparticles to completely cover their surface, 
even discounting the fact that some of these magnetic nanoparticles will be 
entrapped inside the microgel particles. Therefore, the MNPs are unlikely to 
affect interaction of encapsulated material with the surface of the microgel 
particles. 
 
4.2.7 Microgel Particle Yield  
The microgel particle yield was defined by the following Eq.4-5 (similar 
as Eq.3-11) 
𝑀𝑖𝑐𝑟𝑜𝑔𝑒𝑙⁡𝑌𝑖𝑒𝑙𝑑 =
𝑚⁡𝑚
𝑚𝑠
⁡𝑥⁡100⁡% 4-5 
where 𝑚⁡𝑚 is the mass of the microgel particles separated magnetically from 
the suspension (g) and 𝑚𝑠 equals to the total mass of the suspension (g) 
The microgel yields are reported in Figure 4-21. When water-insoluble 
crystals were encapsulated, the microgel yield improved by at least 2-fold, 
ranging from 10.7 % to 29.4 %. The highest microgel yields were Ca-ALG+BC 
with or without TW 20, i.e., 21.7 % and 29.4% respectively. Although there was 
a trend of lower microgel yield in Ca-ALG+BC+TW 20, the result was not 
significantly different, p > 0.05. The microgel particle yields of Ca-ALG+R vs. 
Ca-ALG+CU were 20.8 % vs. 15.1 %, respectively, with no significant 
difference (p > 0.05). The microgel yield of Ca-ALG+T, i.e., 10.7 %, was the 
lowest, with p < 0.05 compared to Ca-ALG+R. A plausible explanation for such 
an improvement in microgel yield is that these insoluble particles serve as 
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“nuclei” to promote formation of new microgel particles, akin to heterogeneous 
nucleation phenomenon as described in Chapter 1. The water-insoluble 
crystals may have triggered the in situ bridging between calcium and alginate 
aiding the formation of microgel particles. Therefore, a trend of increasing 
microgel yield was observed as water-insoluble crystals were integrated into 
the microgel particles. 
 
Figure 4-21. Microgel yield of Ca-alginate microgel particles with 
MNPs (0.02 %wt. concentration) and with or without the 
encapsulated materials  
 
 
The physical properties of the polyphenols, such as density, 𝑀𝑤, and 
particle size, were considered to see if there was any correlation with the 
microgel yield (Figure 4-22). The microgel yield did not correlate with the 
density order of these water-insoluble particles (correlation coefficient was < 
0.3), see Figure 4-22b. The density of tiliroside and rutin were in similar range, 
1.69 vs. 1.77 g.ml-1, respectively, while curcumin was 1.29 g.ml-1. However, the 
microgel yield of tiliroside was the smallest, and others were in the same range 
of values. The lack of correlation with density suggests there was no significant 
gravitational separation occurring during the separation via the magnetic field.  
The order of molecular weight of these insoluble materials also did not affect 
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the microgel yield (Figure 4-22c). Tiliroside and rutin had similar 𝑀𝑤, i.e., 
594.53 g.mole-1 vs. 664.58 g.mole-1, respectively, while curcumin has the 
lowest 𝑀𝑤, 368.39 g.mole
-1. However, the 𝑀𝑤 and bulk density of these 
compounds do not necessarily show any relationship to the size of their 
insoluble crystals.  
Tiliroside did not have the lowest 𝑀𝑤 and density, but it had the smallest 
crystal size (Figure 4-22d). Interestingly, it appeared that the microgel yield was 
mildly correlated to particle size of the polyphenols crystals (correlation 
coefficient was 0.72): the smaller the particle size, the lower the microgel yield. 
The particle size of the tiliroside crystals was 182.4 nm and resulted in lower 
yields than with rutin and curcumin. The crystal sizes were approximately in the 
same range for rutin and curcumin (~210 nm), and the microgel yields were 
approximately the same for those two compounds. This again points to some 
effect of the insoluble crystals acting as ‘nuclei’ for microgel particle formation. 
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(a) (b) 
(d) (c) 
Figure 4-22. Correlation between the microgel yield of polyphenols (a) with physical properties of 
the crystals, i.e., density (b), 𝑀𝑤 (c), crystal size (d) 
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4.2.8 Payload 
The payload was defined by Eq.4-6: 
𝑃𝑎𝑦𝑙𝑜𝑎𝑑 = ⁡
𝑋𝑚
𝑚𝑚
⁡𝑥⁡100%  
4-6 
where 𝑋𝑚 is the mass of the encapsulated compounds in the microgel particles 
(g) and 𝑚𝑚 is the mass of the microgel particles magnetically separated from 
the suspension (g). 
 
Figure 4-23. Payloads of encapsulated microgel particles and their 
correlation with the polyphenol crystal sizes (displayed as an inset 
figure) 
 
In general, the microgel particles encapsulated with water-insoluble 
compounds had payloads between 0.037 % to 1.2 %, with curcumin the lowest 
and β-carotene the highest, i.e., 0.61 % for Ca-ALG+BC and 1.2 % for Ca-
ALG+BC+TW20 (Figure 4-23). This was due to the higher initial concentration 
of β-carotene than polyphenols in the original alginate solution used for 
encapsulation. However, comparing the payload of BC with or without TW20, 
there was a significant increase of payload as TW20 was introduced into the 
system, with p < 0.05. TW20 is an anionic surfactant, with an HLB value of 
16.7. With such a high HLB value, it commonly serves as a surfactant for O/W 
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systems, which is pertinent to this system, i.e., β-carotene crystals contained 
within Ca-alginate microgels (mostly containing water). Possibly TW20 resulted 
in β-carotene crystals having a greater affinity for the hydrophilic microgel 
particles. 
The same concentration (0.5 mM of rutin, tiliroside, curcumin was loaded 
into the alginate phase before microgel particle formation, thus the payloads 
can be more easily compared against each other. The order of the payload 
from the highest to the lowest was: Ca-ALG+T > Ca-ALG+R ≥ Ca-ALG+CU.  
Payload of Ca-ALG+T was significantly higher with p < 0.05 compared with Ca-
ALG+R and Ca-ALG+CU. Thus, smaller crystals resulted in a higher payload 
(the correlation coefficient was -0.97), presumably because the smaller crystals 
were more easily trapped inside the microgel particles as they were formed.  
In summary, particle size of the insoluble crystals played an important 
role in determining the final payload and microgel yield. 
The payloads maybe considered low if compared with the same 
compounds encapsulated using different methods. For example, (Nguyen et 
al., 2015) encapsulated curcumin in chitosan nanoparticle complex produced 
via spray drying and obtained payloads > 80 %. However, the curcumin 
concentration used in their study was 27 times higher than our current study. 
Moreover, the microgel particles in our study were in liquid suspension, not in 
the form of a powder as produced by spray drying.  Drying certainly will draw 
the moisture out, and thus increase the payload tremendously. Freeze-dried 
curcumin loaded microcapsules (yeast cells) also had a high payload (around 
10 % and 21% in curcumin in water and in 50% v/v alcohol suspension, 
respectively), but again starting with a much higher (5 times) concentration of 
curcumin initially (Paramera, Konteles, & Karathanos, 2011).  
4.2.9 Loading Efficiency 
Loading efficiency was also quantified to gauge the relative ease with 
which the different water-insoluble compounds were trapped inside the 
microgel particles. Loading efficiency, sometimes referred to as encapsulation 
efficiency, is defined as the following: 
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𝑳𝒐𝒂𝒅𝒊𝒏𝒈⁡𝑬𝒇𝒇𝒊𝒄𝒊𝒆𝒏𝒄𝒚 = ⁡
𝑿𝒎
𝑿𝑻
⁡𝒙⁡𝟏𝟎𝟎%⁡ 
4-7 
where 𝑋𝑚 is the mass of the encapsulated compounds found inside the 
microgel particles (g) and 𝑋𝑇 is defined as the total mass of the encapsulated 
compounds in the system (g). 
As depicted from Figure 4-24, the loading efficiencies of Ca-ALG+T and 
Ca-ALG+R were the highest, i.e., 57% and 58 % respectively, followed by Ca-
ALG+CU, i.e., 37 %. The lowest loading efficiency was for β-carotene: Ca-
ALG+BC and Ca-ALG+BC+TW20 were 21.5 % and 30.9 % respectively, 
significantly lower compared to flavonoids mentioned above, with p < 0.05.  
 
Figure 4-24. Loading efficiencies of encapsulated microgel particles and 
its correlation with the charge densities of the crystals (displayed as 
an inset figure) 
 
To try and explain why the encapsulation efficiency of the flavonoid 
crystals was much higher than the oil soluble β-carotene, the charge density 
per unit surface area (µm2) of these insoluble compounds was estimated. One 
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hypothesis was a higher charge density would produce a higher loading 
efficiency because there will be more binding sites available to interact with the 
alginate. The maximum possible number of charges highlighted in the chemical 
structures of water-insoluble compounds is visually depicted in Figure 4-25.  
The maximum number of electronic charges comes mainly from the hydroxyl 
groups at the surface of the crystals which could bind with alginate via Ca2+ ion 
cross-linking or via hydrogen bonding depending on the pH of the system.  
Table 4.2. Charge density of the polyphenol crystals 
Chemical No. of 
charge/molecule 
µz                                                                        
(in nm) 
Surface area 
(µm2) 
Charge density             
(charges per µm2) 
Curcumin 3 217.3 0.15 20.2 
Rutin 4 210.8 0.14 28.7 
Tiliroside 3 182.4 0.10 28.7 
 
 
Table 4.2. shows the calculated charge densities based on the 
assumptions that all the crystals were spherical and that all the charges were 
exposed on the surface. On this basis, rutin and tiliroside possessed the 
highest charge density, i.e., 28.7 charges per µm2 for both compounds. They 
also had the highest loading efficiency, i.e., 58 % for Ca-ALG+R and 57 % for 
Ca-ALG+T. The loading efficiency of tiliroside was approximately the same as 
rutin’s, despite tiliroside having the smallest crystal size. The extra OH group in 
the flavone ring of rutin raises its charge density to be on a par with tiliroside. 
Thus, this could explain why both yielded similar loading efficiencies. However, 
there seems to be a significant lack of knowledge of the actual surface charge 
distribution on flavonoids crystals. 
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Figure 4-25. Chemical structures of water-insoluble particles with its protonated and deprotonated state with N = number of 
charges 
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The microgel particles were produced at close to neutral pH, i.e., 6.8 ± 
0.2. This condition would promote full ionization of the carboxylic acid groups in 
the alginate, while the charges of rutin and tiliroside (pKas were around 7 as 
reported by Herrero-Martínez et al., 2005) would be closer to neutral. Although 
rutin and tiliroside may be neutrally charged at that pH, attractive forces still can 
exist to modulate the interaction with alginate at the molecular level. Indeed, 
with such oxygen-rich molecules as rutin and tiliroside, alginate-flavonoid 
binding could be mediated mainly by hydrogen bonding interactions. The 
oxygens present in the form carbonyl group or carboxyl groups in the flavone 
rings and the vicinal sugar moiety chain could also contribute to hydrogen 
bonding, which provides another possible explanation of why rutin and tiliroside 
had the highest loading efficiency. A review article, written by Bordenave, 
Hamaker, & Ferruzzi (2014), posits that hydrogen bonding and ionic 
interactions promote the association of non-starch polysaccharides with 
flavonoids. However, all of the above does not take into account the fact that 
the water-insoluble materials may crystallize into a number of different forms, 
each with differing surface charge characteristics. 
There are 3 possible forms of charged curcumin molecular species: Cur0 
(neutral), Cur-1 (monoanionic), Cur-2 (dianionic), Cur-3 (trianionic) when it 
undergoes deprotonation. Wang et al. (2010) reported the apparent pKa of 
curcumin was at around 8.3 in water, and the pKa values of the individual 
functional groups were: 8.4 and ~10 for keto-enol and phenol, respectively. The 
keto-enol tautomer and the hydroxyl groups in phenols could be foreseen as 
the binding sites to the alginate. At pH 6.8, the protonated OH groups in 
curcumin mostly occupied at the binding sites would favour to dipole-dipole 
interaction between those functional groups and deprotonated COO- group of 
alginate. Although charge-dipole or charge-charge forces was considered to be 
a strong interaction, there were only a few of these bonds available (no. of 
charges was only 3), thus less chance of interactions available between 
curcumin and alginate. This low number of charges in curcumin per surface 
area (i.e., 20.2 charges per µm2) could explain why curcumin had lower loading 
efficiency (37 %) as compared to rutin and tiliroside (58 % and 57 %, 
respectively).  
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β-carotene is a non-polar compound, derived from eight isoprene units. 
The chemical structure of β-carotene (Figure 4-25), with no hydroxyl groups or 
any other polar functional groups suggests that neither electrostatic nor 
hydrogen bonding are available to facilitate interaction of β-carotene with 
alginate. This possibly explains why β-carotene gave the lowest loading 
efficiency (< 31 % with or without TW20). In general, the loading efficiencies 
seemed to correlate with the charge densities of the water-insoluble crystals, 
with correlation coefficient of 0.94. 
 ‘High’ or ‘low’ loading efficiencies and payloads should take into account 
the recommended daily intake of such materials. For example, if we consumed 
half of a teaspoon (2.5 ml) of Ca-ALG+BC suspension, assuming the density 
almost equals to 1, 2.5 ml equals to 2.5 g of Ca-ALG+BC, containing 0.735 g of 
microgel particles (particle yield 29.4 %). With the payload of 0.6 %, these 
particles would have ~4.4 mg of β-carotene. The Food Standards Agency of 
UK government recommended the dietary intake of Vitamin A of 700 µg for 
adults > 19 years old (Food Standards Agency, 2007), which translates to 4.2 
mg β-carotene to meet desired requirement. Thus, by taking a half of teaspoon 
of Ca-ALG+BC, one would fulfil the daily recommended intake of β-carotene 
per day. Whilst the microgel particles may therefore seem a promising delivery 
vehicle of Vitamin A precursor, it is critical to note that different physical states 
of β-carotene will also have an influence on its digestion fate in the GI tract 
(Xia, McClements, & Xiao, 2015). These authors speculated higher 
bioaccessibility of β-carotene when it was solubilized in an emulsion rather than 
co-ingestion of the crystalline state, due to more efficient lipid digestion. Thus, 
future work might involve pre-emulsifying the β-carotene in an oil based solvent 
prior to embedding it into the microgel particles via the LJH.  
To our knowledge, there is no definitive recommended daily intake for 
rutin. Some studies have suggested that intake of 180 mg per day gives a 
therapeutic effect against certain chronic disease (Kreft, Knapp, & Kreft, 1999). 
On the contrary, another study revealed that a high concentration was not 
always needed: level as low as 1 µM of rutin had a significant impact on 
reducing the level of prostaglandin PEG2 which was a biological factor known 
to regulate immunosuppressive activity in the body (Giménez-Bastida et al., 
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2016). The recommended daily intake for rutin remains as uncharted territory. 
However, regardless of the lack of knowledge of an appropriate level, 
encapsulation of rutin in microgel particle would probably be a useful carrier for 
formulation application in food and pharmaceutical products.  
4.3 Conclusions 
The new technique of encapsulation of water-insoluble compounds in 
microgel particles produced via LJH and the entrapment efficiency were 
outlined in this chapter. It has been shown that the jet homogenizer can serve 
as a multi-faceted equipment, from creating emulsions to encapsulating 
materials in microgel particles. Many mainstream approaches to fabricate gel 
particles such as spray drying, prilling, or using proprietary encapsulators, 
produce high yields of particles but the sizes are considerably larger (>1 um) 
than can be produced in the jet homogenizer. For LJH, the particle yields may 
be considered low, but smaller particles can be produced. It was shown that 
particle yield, payload and encapsulation efficiency seemed to be mainly 
dependent on the size and surface charge density of the particle being 
encapsulated, probably via the types of interaction that enable them to bind 
with alginate. Loading of insoluble particles actually tended to improve the 
microgel yield. High numbers of hydrogen bonding moieties in rutin and 
tiliroside gave the highest loading efficiency (> 50 %). Payloads were low but 
only because we started with low concentrations of the health benefit 
compounds (0.5 mM for polyphenols and 18.5 mM for β-carotene) in the 
starting solution. Regardless of the low payloads, encapsulation of water-
insoluble compounds via jet homogenizer showed high loading efficiencies 
which makes it worthwhile to pursue further as a means of generating microgel 
particles for health and well-being functions. 
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Chapter 5 Encapsulation of water-soluble compounds in Ca-
alginate microgel particles produced via the Leeds Jet 
Homogenizer 
5.1 Introduction 
This chapter delves into attempts to control protein adsorption into and 
onto the microgel particles via addition of cationic proteins, i.e., lysozyme and 
lactoferrin, and also water-soluble dyes. Alginate is known for its strong 
negative charge, e.g. the measured ζ-potential = -80 mV at neutral pH as 
reported by Bokkhim et al. (2015). On cross-linking with Ca2+ during microgel 
formation, the ζ-potential was reduced but still remained negative (i.e., around -
60 mV in neutral pH, see Chapter 3.2.4). Thus, addition of compact cationic 
proteins could potentially serves as ‘surfactants’ to stabilize the microgels and 
limit their growth and aggregations during and after their formation. The 
hypothesis is that positively charged proteins of appropriate size would tend to 
form an adsorbed layer on the surface of the microgel particles and hence limit 
their growth and/or fusion in size rather than be encapsulated within the 
particles. The balance of adsorption versus encapsulation is expected to 
depend on the relative charge and size of the biopolymers and the pore size of 
the particles. At the same time, microgel particles where the proteins are 
strongly trapped at the surface or within the particles could both act as carriers 
for such proteins. 
Another aim is to investigate the possibilities of entrapping water soluble 
dyes, e.g., erioglaucine (an anionic dye) and methylene blue (a cationic dye). 
These dyes have high molar extinction coefficients (ε): 7.6 x 104 mol-1.dm3.cm-1  
at 664 nm for methylene blue (Hossain et al., 2012) and 2.14 X 105 mol-
1.dm3.cm-1 at 630 nm for erioglaucine (Barakat et al., 2001). With such high 
extinction coefficients, the entrapped dyes can be quantified via UV-Vis 
spectrophotometry. Methylene blue is a versatile dye used to stain biological 
materials and also a useful medication for malaria, oral cancer marker, etc., 
thus it offers a merit to entrap the dye in microgel as a candidate for drug 
delivery vehicle. Erioglaucine is a food colour and a common contaminant in 
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wastewater, hence the encapsulation mechanism of erioglaucine into microgel 
particles has a number of potential uses, whilst also potentially acting as a 
model system for the encapsulation of other water soluble anionic substances. 
5.2 Results and Discussion 
Lysozyme and lactoferrin were elected to test how they might influence 
the particle size and the net surface charge of the microgels, knowing they are 
strongly positively charged at the chosen pH during microgel formation. 
Lysozyme is rich in patches of lysine (N = 6 residues, pKa = 10.2) on its 
periphery which potentially govern the surface charge (Dismer & Hubbuch, 
2007). The pI of lysozyme is around pH 11 (Ethève & Déjardin, 2002), thus 
below this pH lysozyme would be positively charged. Lactoferrin contains 2 
molecules of Fe3+ (Baker & Baker, 2005) with a reported pI of  around pH 8.5 
(Peinado et al., 2010) and so at pH < 8.5 lactoferrin is positively charged. 
Alginate consists of sugar units of guluronic and mannuronic acids with pKa 
values of 3.65 and 3.38, respectively (Draget et al., 1994) and it is negatively 
charged at pH > 6. Hypothetically, if these proteins bound to the surface of the 
microgels electrostatically, they would induce the ζ potentials to be less 
negative and the particle size might be reduced with an increase in the 
concentration of positively charged protein.  
5.2.1 Addition of lysozyme and lactoferrin during microgel 
formations  
Many different mixing modes were attempted to incorporate lysozyme 
onto the surface of the microgel particles. Either lysozyme was added in the (1) 
alginate phase, (2) calcium phase, and (3) after the microgel had been formed.  
The particle size (Z-average) and net surface charge (ζ-potential) results for 
each mixing mode are displayed in Figure 5-1. From Figure 5-1a where 
lysozyme was added into the alginate solution, the Z-average remained 
constant across all concentrations at around 214 ± 14 nm at pH 8 and 194 ± 
9.6 nm at pH 10. Figure 5-1b shows where lysozyme was added into the Ca2+ 
phase the Z-average also remained constant, i.e., 193.7 ± 6.3 and 192.5 ± 17.9 
nm at pH 8 and 10, respectively. A separate set of microgel particles was 
prepared where the lysozyme was added after microgel particle formation. By 
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adding the lysozyme after the microgels were formed it was thought that this 
might enhance lysozyme adsorption to the microgel surface. However, the 
results in Figure 5-1 showed no difference whether lysozyme was added before 
or after the microgels were formed: Z-average were 197.8 ± 8 and 190.8 ± 7.4 
nm at pH 8 and 10. It was clearly seen that at both pH 8 and 10 there were no 
clear decreases or increases in Z-average values as the [lysozyme] was 
increased, regardless of the mode of lysozyme addition.     
The ζ-potential values in Figure 5-1 a, b, and c, all show similar trends, 
with no distinct indication of the ζ-potential was being less negative as 
[lysozyme] was increased at either pH 8 or 10. The ζ-potentials across all 
lysozyme concentrations were around -40 ± 1 and –28.7 ± 0.9 mV at pH 8 and 
10, respectively. These results again suggest that lysozyme has little ability to 
accumulate to any significant extent at the surface of the microgel particles, 
whether it is added during or after particle formation.  
The ζ-potential of the microgel particles with lysozyme was more positive 
in magnitude at pH 10 than pH 8 at all lysozyme concentrations. At first sight, 
this might suggest that the microgel particles were coated with lysozyme to a 
similar extent at all lysozyme concentrations resulting in the smaller positive ζ-
potential at pH 10. However, the ζ-potentials of lysozyme containing microgels 
had similar values as when [lysozyme] = 0. For some reason, the ζ-potentials 
when [lysozyme] = 0 were also less negative at pH 10 than at 8, although the 
charge on the carboxyl groups of the alginate is not expected to vary in this pH 
range. Possibly this was partly due to the sodium bicarbonate buffer used in the 
experiment. The initial pH of 20 mM sodium bicarbonate buffer was around 8.2 
± 0.1 and 1 M NaOH was used to raise to pH 10. The contribution from the Na+ 
ions might have increased its ionic strength and thus lowered the initial ζ-
potential at higher pH to become less negative (Carneiro-Da-Cunha et al., 
2011). However, despite the ζ-potential difference between pH 8 and 10, 
overall the addition of lysozyme did not have any significant impact on both the 
Z-average and ζ-potential values across all lysozyme concentrations within the 
standard deviation, i.e., there was no sign of adsorption of lysozyme onto the 
surface of the microgel particles despite the cationic state of lysozyme at pH 8 
and 10.  
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Figure 5-1. Comparison of zeta potential (ζ) and Z-average (µz) of calcium 
alginate gel particles prepared from 1% alginate in the 80 block at 
various lysozyme concentrations (C) and 10mM CaCl2 in 20 block: ζ 
and µz at pH 8 (■ , □); ζ and µz at pH 10 (●, ○). Lysozyme was added (a) 
in the alginate phase, ((b) calcium phase, (c) after the microgel had 
been formed. 
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There was also the possibility of exchanging of the Ca2+ ions in the 
microgels with Na+ ions in the sodium bicarbonate buffer. This ion exchange 
occurs at the threshold of 0.6 mole fraction of Na/Na+Ca as determined by 
Ouwerx et al. (1998). The mole fraction of Na/Na+Ca in the microgel 
suspension was 0.8 (and even higher at pH 10), which would make the Ca-
alginate microgel particles susceptible to degradation.  If there was any 
lysozyme entrapped in the microgel particles, it would be released because of 
microgels dissolution. Thus, the lysozyme might more readily to form 
complexes with either alginate or calcium in the bulk solution rather than 
exerting any significant effect on the microgel particle size. Evidence for such 
complex formation was visually obvious by the presence of cloudiness 
(precipitates) during the microgel production process, as described below.  
 
(a) 
 
 
(b) 
Figure 5-2. Visual aspects of the cloudiness formed during mixing 
lysozyme in bicarbonate buffer at pH 8 with (a) 1 wt.% alginate 
solution (b) 10 mM CaCl2 at pH 8 in bicarbonate buffer 
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Visually, precipitation could be observed immediately after mixing 
lysozyme with the alginate or calcium chloride solutions (Figure 5-2). Higher 
turbidity was obvious in the 1 wt.% alginate solution with the increase of 
[lysozyme], which suggested that lysozyme was preferentially associated with 
the alginate in a dose-dependent manner. Some precipitation was also noticed 
on mixing of lysozyme with CaCl2, though this was not as noticeable as with 
alginate. Interaction between Ca2+ and CO3- ions in the buffer could prime the 
formation of aragonite or calcite crystals in the presence of lysozyme (Yang et 
al., 2006). As observed in Figure 5-2b, on mixing bicarbonate buffer into the 
CaCl2 solution no cloudiness was observed until the lysozyme was introduced 
into the mixture, indicating lysozyme somehow facilitated the precipitation 
process. Lysozyme-mediated calcification is believed to be the origin of the 
biomineralization required for the development of the exoskeleton structure of 
avian eggshells (Polowczyk, Bastrzyk, & Fiedot, 2016). Lysozyme is thought to 
serve as a ‘buffer storage’ of CO3- ions (Wang et al., 2009) at the pH of egg 
shell formation (pH 6 – 8). According to Wang et al. (2009), the reaction is 
dose-dependent; higher [lysozyme] led to more precipitates. Similar 
observations are seen in Figure 5-2b; the higher [lysozyme] samples appear to 
be more cloudy. Thus, the interaction between lysozyme and Ca2+ in the 
presence of the sodium bicarbonate buffer could prevent the lysozyme from 
being entrapped in the microgel, possibly because there was little lysozyme 
available.    
Learning from the lysozyme experiments, the inclusion of lactoferrin in 
the microgel particles was pursued through mixing lactoferrin into the Ca2+ 
phase rather than into the alginate phase. No turbidity was apparent during 
mixing the lactoferrin into Ca2+ or alginate solutions before homogenization up 
to 0.8 wt.% of [lactoferrin]. The results of addition of lactoferrin on the particle 
size and ζ-potential of the microgels formed are displayed in Figure 5-3.  There 
was a significant (p < 0.05) decrease in Z-average (from 200 to 100 ± 8 nm) 
observed with increasing concentration of [lactoferrin]. The ζ-potential also 
became significantly (p < 0.05) less negative, changing from –32 ± 3 to – 21.8 
± 1.4 mV as [lactoferrin] was increased from 0 to 0.8 wt.%. Both the size and ζ-
potential results suggested that at least some lactoferrin adsorbed to the 
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surface of the microgel particles and this possibly helped to limit their size 
during particle formation. The decreasing trend of the particle size and 
increasing (positive) trend of the ζ-potential were observed at both pH 6 and 8, 
with less differences between these two pH values compared to with lysozyme. 
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Figure 5-3. Comparison of zeta potential () and Z-average (µZ) of Ca- 
alginate microgel particles prepared from 1 wt.% alginate in the 80 
block and 10mM CaCl2 in 20 block at various [lactoferrin]; ζ and μz at 
pH 6 (▲ , ∆); ζ and μz at pH 8 (■, □). 
 
 
 
The particle size and ζ-potential results with lactoferrin were therefore 
very much different than with lysozyme. Adsorption seemed feasible with 
lactoferrin but not lysozyme. Bysell & Malmsten, 2006 studied the effect of 
peptide length/size on the distribution the entrapped peptides in negatively 
charged polyacrylic acid and poly-(APTAC) microgels, and found that large 
peptides were more inclined to form a shell layer surrounding the de-swollen 
microgel particles, and their bulkiness created a barrier to further penetration 
inside the gel core. Small peptides tended to be distributed evenly throughout 
the microgel, both in the core and shell. Compared to lysozyme (ca. 4 nm 
diameter, Damodaran, 1996) with a 𝑀𝑤 = 14.3 kDa, lactoferrin is a 
considerably larger protein (ca. 10 nm diameter, Chen et al., 2014) with a 𝑀𝑤 of 
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80 kDa. Thus, another reason why lactoferrin tended to end up more on the 
outside of the particles was due to its larger size.  
 
5.2.2 Amino acid composition and surface charges of lactoferrin 
and lysozyme 
Besides the protein size, it seems obvious that electrostatic interactions 
probably played a major role in determining the interaction of protein and the 
alginate. Since lysozyme and lactoferrin are widely studied proteins; their 
amino acid compositions are well known, see Table 5.2. Therefore, we 
calculated the expected total charges of these proteins as a function of pH 
using the mean pKa values of the ionisable amino acid side chains as shown in 
Table 5.1 using the Henderson-Hasselbach equation (Eq.5-1). The total 
charges are expressed in the form of α, where α is the degree of dissociation of 
the ionisable group.  
 
 
Table 5.1 Values of pKa of amino acid residue side chains used to 
calculate charge of lysozyme and lactoferrin, taken from Damodaran 
(1996) 
Amino acid 
residue 
pKa  
Asp 4.6 
Glu 4.6 
His 7.0 
Lys 10.2 
Arg 12.0 
Cys 8.8 
Tyr 9.6 
 
𝛼 =⁡ [⁡10(𝑝𝐾𝑎−𝑝𝐻) + 1]
−1
 5-1 
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Table 5.2. Amino acid compositions of lysozyme (Manwell, 1967) and 
lactoferrin (Steijns & van Hooijdonk, 2007) 
Types of amino 
acids 
Amino acid 
residue 
N* in chicken egg-
white lysozyme  
N* in Bovine 
lactoferrin  
Acidic side 
chains 
Asp 8 36 
Glu 2 40 
Basic side 
chains 
His 1 9 
Lys 6 54 
Arg 11 39 
Polar neutral 
side chains 
Asn 13 29 
Gln 3 29 
Ser 10 45 
Thr 7 36 
Val 6 47 
Cys 8 34 
Hydrophobic 
aromatic side 
chains 
Phe 3 27 
Trp 6 13 
Met 2 4 
Tyr 3 22 
Hydrophobic 
aliphatic side 
chains 
Ala 12 67 
Ile 6 15 
Leu 8 65 
Unique amino 
acids 
Gly 12 48 
Pro 2 30 
Total amino acid residues 129 689 
*N = number of amino acid residues 
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Figure 5-4. Number of charges (N) of lactoferrin, lysozyme, and 
guluronate or mannuronate as a function of pH.  
The dashed lines indicate the predicted pI of the proteins (black line – 
lactoferrin, red line – lysozyme). The arrows direct to the Y-axis 
scale.  
 
The number of charges per molecule of lysozyme and lactoferrin as a 
function of pH are plotted in Figure 5-4. Lactoferrin is more highly positively 
charged than lysozyme at the pH values of the microgel preparation (+7 and +2 
net charge at pH 8 and 10 for lysozyme and +28 and +12 at pH 6 and 8 for 
lactoferrin). The higher positive net charge of lactoferrin is due to the larger 
number of basic residues in the lactoferrin vs lysozyme, i.e., 102 vs 18 
residues, respectively, see Table 5.2. Based on the calculation, the predicted pI 
values for lysozyme and lactoferrin were at pH 10.4 and 8.7, respectively, 
which were close to the reported pI of pH 11 (lysozyme) and 8.5 (lactoferrin). 
This calculation gives us a good prediction of the number of charges at certain 
pH which later will be used to calculate the mole charge ratio between alginate 
and the proteins.   
To further understand the differences between surface adsorption of 
lysozyme and lactoferrin, we estimated the mole charge ratio between the 
alginate and the proteins. The net charge of the monomer sugar unit of alginate 
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is around -1 throughout the pH > pKa (~3.6) which could be extracted from 
Figure 5-4. With [alginate] and [protein] fixed at 1 wt.% and 0.1 wt.%, 
respectively, in a 100 g suspension of microgels, and from the known 𝑀𝑤 of 
guluronic/mannuronic unit (194.14 g.mole-1) and the protein, the mole charges 
of the proteins and sugar units of the alginate can be calculated via Eq.5-2, 
where N equals the number of charges of the corresponding compounds.  
𝑀𝑜𝑙𝑒⁡𝑐ℎ𝑎𝑟𝑔𝑒 = ⁡𝑁⁡𝑥⁡
𝑔⁡𝑜𝑓⁡𝑎𝑙𝑔𝑖𝑛𝑎𝑡𝑒⁡𝑜𝑟⁡𝑝𝑟𝑜𝑡𝑒𝑖𝑛𝑠⁡𝑜𝑟⁡𝑑𝑦𝑒𝑠
𝑀𝑤 ⁡𝑜𝑓⁡𝑎𝑙𝑔𝑖𝑛𝑎𝑡𝑒⁡𝑚𝑜𝑛𝑜𝑚𝑒𝑟⁡𝑜𝑟⁡𝑝𝑟𝑜𝑡𝑒𝑖𝑛𝑠⁡𝑜𝑟⁡⁡𝑑𝑦𝑒
 5-2 
The mole charge ratios between alginate and proteins are obtained by simply 
dividing the mole charge of alginate to the proteins. 
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Figure 5-5. Plot of mole charge ratio of the alginate monomers (alginatem) 
to lactoferrin and lysozyme as a function of pH at 1 wt.% alginate and 
0.1 wt.% proteins.  
The dashed blue lines indicate the pH levels used in the study (pH 6 and 8 
for lactoferrin; pH 8 and 10 for lysozyme). The dashed black line 
indicates the mole charge ratio at 0. 
 
The calculated mole charge ratio of alginate:protein is plotted against pH 
(Figure 5-5). Only mole charge ratios < 0 are really relevant, when the COO- of 
guluronate or mannuronate units are negative and the proteins are positively 
charged, i.e., there are potential attractive electrostatic interactions between the 
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protein and the polysaccharide in this pH range. The sudden switch from 
negative to positive values occurs around the pI of the protein. Above this pH 
value both the protein and polysaccharide are negative and so the ratio 
becomes positive. Thereafter the ratio decreases again (though is still positive) 
as the charge on the alginate becomes fixed (approximately 2 pH units above 
the pKa of the guluronate/mannuronate) but the charge on the proteins 
gradually becomes more negative until this in turn saturates as all the 
negatively charged amino acid chains become fully charged. However, across 
the full pH range, it is seen that there is far more charge on the alginate than on 
the protein. In particular at the pH values studied (pH 6 and 8 for lactoferrin; pH 
8 and 10 for lysozyme), the calculated mole charge ratios of alginate:lactoferrin 
are -120 and -225 and for alginate:lysozyme -108 and -312, respectively. Thus, 
there is a clear excess of alginate negative charge that could potentially bind all 
the protein +ve sites, but this would be expected to have very little effect on the 
net charge of the alginate, i.e., have very little effect on the Ca2+-induced 
gelation of the alginate, even ignoring the fact that not all the protein +ve sites 
would be available for binding, due to steric hindrance. Similarly, this 
calculation cannot discern whether or not one protein has a preferential binding 
compared to the other. There are many other factors, such as surface charge 
distribution or patches, which may affect the adsorption of the proteins to the 
alginate, which will be further explored below. 
The positively charged lysine and arginine in lactoferrin are highly 
exposed on the outside of the helix and in patches (Baker & Baker, 2005), as a 
consequence of their non-even distribution in the polypeptide chain - see 
Figure 5-6a. This uneven distribution of charged surface patches probably 
favours lactoferrin to complex electrostatically with the outside of the microgel 
particles (see Figure 5-6b). Even though the mole fraction of Na/Na+Ca in 
lactoferrin containing microgels was also greater than 0.6, somehow adsorption 
on to the microgel surface was still exhibited by lactoferrin. Possibly this was 
due to a steric hindrance effect, the adsorbed lactoferrin layer forming a barrier 
preventing the ion exchange of Ca2+ with Na+. In contrast, in lysozyme the 
positively charged amino acids at the surface are evenly distributed (see Figure 
5-7), so there is not the same high density of positive charge favouring 
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association at the surface rather than encapsulation in the bulk of the microgel 
particles. 
 
 
(a) 
 
(b) 
Figure 5-6. (a) Lactoferrin structure in 3D and ribbon diagram with the blue 
domain indicates the patches of positively charged amino acids mainly 
concentrated in N-terminus                                                                                                  
(b) Schematic diagram of lactoferrin attachment to the surface of the 
microgel created a barrier for the lactoferrin to be incorporated inside the 
microgel due to unevenness distribution of charged surface patches.   
(Figure after Baker & Baker, 2005) 
 
Figure 5-7. Schematic drawings of the location of lysine residues (N=6) 
on the lysozyme surfaces with three orientations in the x, y and z 
directions. 
(Figure after Dismer & Hubbuch, 2007) 
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In summary, the larger size and more patchy distribution of positive 
charges on the lactoferrin may explain its greater apparent tendency to adsorb 
to the surface of the Ca-alginate microgel particles.   
5.2.3 Calculation of mass ratio of lactoferrin covering the surface of 
a single particle of calcium alginate 
The above considerations strongly point to lactoferrin adsorbing to the surface 
of the microgel particles and therefore it is worth calculating the minimum 
concentration of globular protein that would be needed to coat a single microgel 
particle with a certain size assuming no incorporation inside them occurs. This 
can be done from simple geometry assuming both the microgel particles and 
the protein molecules are hard spheres of known size.  The assumption of 
sphericity is probably reasonable for lactoferrin (Nevinskii, Soboleva, Tuzikov, 
Buneva, & Nevinsky, 2009). According to Chen et al., 2014, lactoferrin has an 
inner diameter of 7-8 nm and outer diameter at 10-12 nm. The particle size 
distributions measured here for lactoferrin itself at pH 6 and 8 indicate a very 
slight shift to lower particle sizes as the pH decreased from 8 to 6, see Figure 
5-8. The peaks in the distributions are 10 ± 2 nm, which is in a close agreement 
with the mentioned literature values, indicating no significant change in the 
state of aggregation of lactoferrin in this pH range.  
 
Figure 5-8 Particle size distribution of lactoferrin at concentration of 0.32 
wt.% in bicarbonate buffer at pH 6 (solid line) and 8 (dashed line)   
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Figure 5-9. A schematic figure to illustrate the calculation of lactoferrin 
surface coverage 
 
Assuming the radius of the microgel particles (rM) varied from 50 nm to 
250 nm and the radius of lactoferrin (rL) at ~5 nm, the surface area of the 
microgel particle (Am) and the cross section of the lactoferrin particles (AL) can 
be calculated using the Eq.5-3 and Eq.5-4, respectively.  
𝐴𝑚 = 4𝜋(𝑟𝑚 + 𝑟𝐿)
2 
5-3 
𝐴𝐿 = 𝜋𝑟𝐿
2 5-4 
 
The number of lactoferrin particles (n) cover the surface area of a single 
microgel particle can be calculated via Eq.5-5. 
n = 
𝐴𝑚
𝜋𝑟L
2 
5-5 
The conversion from the calculated n above to mass of lactoferrin (m) can be 
achieved via Eq.5-6, where NA = Avogadro constant (6.022 x 1023 mol-1), and 
𝑀𝑤 = molecular weight of lactoferrin. 
m = 
𝑛
𝑁
 x 𝑀𝑤   
5-6 
For the microgel particles, the volume (𝑉) at varied radius (𝑟𝑀) can be 
calculated via the following Eq.5-7. 
rM 
rL 
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𝑉 = ⁡
4
3
⁡𝜋⁡𝑟𝑀
3  5-7 
The microgel volume (V) can be converted to mass using Eq.5-8, assuming a 
starting alginate concentration (C) of 1 wt.% and that all this alginate is 
converted into microgel particles with density (𝜌) of ~1 g.cm-3.  
Thus, the mass ratio between lactoferrin (𝑚) and Ca-alginate microgel particles 
(𝑀) is given by Eq.5-9 
𝑚
𝑀
=
𝑛⁡𝑥⁡𝑀𝑤
𝑁𝐴⁡𝑉⁡𝜌⁡𝐶⁡
 
5-9 
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Figure 5-10. Theoretical mass ratio of lactoferrin to alginate (m/M) 
required to cover 10% of the surface of Ca-alginate microgel 
particles at different diameters (d). 
 
Realistically, not all the surface can be completely covered by lactoferrin 
molecules, if it is assumed to be a hard sphere because there will always be 
gaps between the lactoferrin particles. Therefore, an additional assumption that 
has to be made is the maximum packing fraction of lactoferrin spheres on the 
surface of the microgel particles. This is again unknown, but as a first 
M⁡=⁡V⁡x⁡ρ⁡x⁡C 
5-8 
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assumption this was taken to be just 10% of the surface area of the gel 
particles, taking into account the fact that a complete charge reversal was not 
observed.  shows the mass ratio of lactoferrin to calcium alginate particle (
𝑚
𝑀
) 
calculated using the equations above, plotted against the diameter of microgel 
particle (d) from 100 to 500 nm, assuming only 10% of the surface to be 
covered.  
The trend in  clearly illustrates that much higher (
𝑚
𝑀
) and therefore higher 
concentrations of lactoferrin than alginate would actually be required to limit the 
particle size below 100 nm, even if only 10% coverage was necessary to 
achieve stabilization. It is interesting that at the maximum concentration of 
lactoferrin used (0.8 wt.%, i.e., 
𝑚
𝑀
 = 0.8) for 10% surface coverage corresponds 
to a microgel particle size of ca.150 nm, which, considering the simplicity of the 
model, is not so very far from the minimum of ca. 100 nm observed 
experimentally (see ). These calculations also explain why the lactoferrin could 
only bring the ζ-potential a few mV more positive and not reverse the charge on 
the particle completely. 
 
5.2.4 Encapsulation of water soluble dyes erioglaucine and 
methylene blue  
There are some disagreements with the reported pKa values of 
methylene blue from the literature findings, i.e., pKa values varied widely from 
0.4, 3.8, 4.4, 4.8, and 9.9 (Flury, Markus; Wai, 2003; Kallel et al., 2016; Sagara, 
Iizuka, & Niki, 1992; Sterner et al., 2016). Whilst, the pKa values of erioglaucine 
(ER) were mostly reported as the pKa values of Brilliant Blue which had similar 
chemical structure, i.e., 5.8 and 6.6 (Flury,& Wai, 2003; Germán-Heins & Flury, 
2000; Ketelsen & Meyer-Windel, 1999). With such uncertainty, therefore the net 
charge of methylene blue and erioglaucine are calculated based on the pKa 
values of the ionisable species in their chemical structures (Figure 5-11). 
Methylene Blue (MB) is a cationic dye with two dimethylamine groups and a 
phenothiazine with pKa values of 10.73 and 2.52, respectively (Lide, 2010; 
Pobudkowska et al., 2016). Erioglaucine (ER) is a predominantly anionic dye 
with 3 (-ve) benzene sulfonate groups with pKa of 0.7 (Gehring et al., 2014) and 
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2 (+ve) charges of ethylaniline groups with pKa of 5.12 (Lide, 2010). The net 
charges of both dyes are plotted as a function of pH (Figure 5-12).  At the pH 
used in subsequent encapsulation of these dyes, i.e., 6.8 ± 0.2, the net charges 
of ER were -3 and +1 for MB.   
Erioglaucine disodium salt
Methylene Blue
 
Figure 5-11. Chemical structures of water soluble dyes of erioglaucine 
and methylene blue 
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Figure 5-12. Total charges of erioglaucine and methylene blue as a 
function of pH. The dashed lines represent the elected pH in this 
study, i.e., 6.8 (blue). 
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5.2.4.1 The size of microgel particles containing dyes 
Attempts to measure the particle sizes of the microgels containing dyes 
using the light scattering and confocal microscopy methods are fraught with 
many difficulties. In light scattering, obtaining the microgel particle size 
distribution was unsuccessful due to the ER absorption band at 630 nm 
interfering with the red light source of the He/Ne laser beam which excites at 
the same wavelength (632.8 nm). Moreover, the difference of the refractive 
indices between these microgel particles and the dispersed media of water was 
not large enough to obtain accurate measurements. Confocal measurements 
were employed to possibly locate the dyes and provide a rough estimate of the 
microgel particle size, but unfortunately ER and MB did not exhibit any 
fluorescence properties. There are some MB derivatives that are structurally 
modified as N-hydroxysuccimide-esters and maleimide derivatives to label 
amino groups (ATTO Gmbh, 2013), but these were not applicable to this 
polysaccharide-based microgel system. 
Although size measurement here was difficult, we can assume their 
sizes based on previous findings. Previously, the particle mean diameter of 
alginate 1 wt.% and 10 mM Ca2+ could be as low as 100 nm (see Chapter 3), 
while the 2 wt.% alginate and 20 mM Ca2+ gave particles ≥ 3 µm (see Chapter 
4). ImageJ analysis of micrographs of ER-containing microgels (Figure 5-13) 
confirmed similar results. The highest frequency of the particle size was in the 
size class < 0.4 um (average ~0.35 ± 0.03 um) for the microgels made with 1 
%wt. alginate and 10 mM Ca2+, while for microgels produced with 2 wt.% 
alginate and 20 mM Ca2+, the highest frequency of particle size fell into the 
range between 1 - 2 µm with an average of 1.6 ± 0.28 μm. Hereafter, microgels 
made from 1 wt.% alginate + 10 mM Ca2+ and 2 wt.% alginate + 20 mM Ca2+ 
are labelled as Ca-ALG+dye (S) and Ca-ALG+dye (L), respectively, in which S 
and L stand for small and large with the encapsulated dyes of ER and MB.  
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(a) (b) 
Figure 5-13. Micrographs of erioglaucine encapsulated in Ca-alginate 
microgels produced via the jet homogenizer prepared from (a) 2 wt.% 
alginate+10ppm dye and 10 mM Ca2+ and (b) with 1 wt.% alginate+10 
ppm dye and 20 mM Ca2+, using 20x magnification lens. 
 
5.2.4.2 Comparison of encapsulation of erioglaucine and methylene blue 
The ER and MB were separated from the aqueous phase via magnetic 
field as for the water-insoluble encapsulation (see method in Chapter 2.2.2.5). 
The dye concentrations were determined from the absorbance values at 630 
nm and 665 nm for λmax of ER and MB, respectively, measured via UV-
spectrophotometry. Figure 5-14 compares the concentration of dyes inside the 
microgels vs. outside the microgels in the aqueous phase, after particle 
formation. The expected concentration of the dye inside the microgel and 
outside (aqueous phase) upon mixing the alginate with Ca2+ in the jet 
homogenizer using D 80:20 block is 8 ppm. The ER concentrations in 
Ca+ALG+ER (S) were not significantly different, i.e., 8.1 ± 0.6 ppm inside vs. 
8.6 ± 0.3 ppm outside, as might be expected.  However, in Ca-ALG+ER (L), 
significantly lower [ER] was found in the microgels versus in the aqueous 
phase, i.e., 6.8 ± 0.7 ppm inside vs. 8.2 ± 0.6 ppm outside, with p < 0.05 . 
These results suggested that larger particle sizes in Ca-ALG+ER (L) provided 
less specific surface area for the dye to be adsorbed on or into the microgel, 
thus less ER was retained in the microgel and more ER remained in aqueous 
phase.    
10 µm 10 µm 
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Figure 5-14. Concentrations of erioglaucine (ER) and methylene Blue (MB) 
in the microgel vs. in the aqueous phase 
 
As a cationic dye, MB is expected to be adsorbed better to the anionic 
alginate, however Figure 5-14 shows the MB concentrations are low for both 
inside and outside (in aqueous phase) of Ca-ALG+MB(S) and (L) microgels, 
i.e., < 0.5 ppm, respectively. Such marginal MB concentration inside the 
microgels indicates inefficiency of the MB entrapment in the microgel.  The ζ-
potential values of the corresponding particles, shown in Table 5.3 also reveal 
no significant differences between Ca-ALG Blank(S) and Ca-ALG+MB(S), i.e., -
54.5 vs. -56.6 mV, which indicate a minimal MB adsorption on the surface of 
the microgel particles. As a comparison, the ζ-potential of Ca-ALG+ER(S) was 
more negative in magnitude as compared to Ca+ALG Blank(S), i.e., -64.4 ± 
10.8 vs. - 54.5 ± 3.6 mV, respectively, which signified ER adsorption onto the 
microgel surface. The MB concentrations in Ca-ALG+MB(S) and (L) outside (in 
aqueous phase) are also low, i.e., < 1 ppm for both, which is possibly attributed 
to the complex formation from cationic MB with the anionic alginate or MB 
dimerization that leads to precipitation during the microgel formation. The 
details about this precipitation formation will be discussed in section 5.2.4.3. 
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Figure 5-15. Microgel yield, loading efficiencies, and payloads of 
erioglaucine (ER) and methylene blue (MB) encapsulated in the ca-
alginate microgels 
 
The microgel yield, loading efficiencies, and payload were measured 
and calculated based on the equations outlined in previous chapter (Chapter. 4, 
Eq. 4-5, 4-6, 4-7). As depicted from the , the microgel yields of Ca+ALG+ER 
(S) and (L), i.e., 4.8 ± 1.4 % and 12.7 ± 1.2 %, were much lower than  
Ca+ALG+MB (S) and (L), 18.4 ± 6.2 % and 22 ± 3.9 %. Higher microgel yield in 
larger microgels of Ca+ALG+ER (L) and Ca+ALG+MB (L) were due to higher 
[alginate] as the starting material.  
Table 5.3. Zeta potentials of the microgel particles with and without the 
water soluble dyes encapsulated 
Type of microgels ζ-potentials (mV) 
Ca-ALG-Blank (S) -54.5 ± 3.6 
Ca-ALG+ER (S) -64.4 ± 10.8 
Ca-ALG+MB (S) -56.6 ± 4.2 
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With the known initial dye concentration placed in the jet homogenizer (8 
ppm expected concentration in microgel particles), the calculated loading 
efficiencies were 99.5 ± 6.5 % and 85.4 ± 8.3 %, and the payloads were 0.71 ± 
0.22 % and 0.22 ± 0.03 %, in Ca-ALG+ER (S) and (L), respectively. 
Significantly higher loading efficiencies and payloads were obtained with Ca-
ALG+ER (S) compared to Ca-ALG+ER (L) (p < 0.05) i.e., the smaller particles 
retained more of the dyes during the encapsulation. The loading efficiencies 
and payloads of ER in the microgels were quite high, especially when 
compared against water insoluble encapsulated microgels (in Chapter 4, 
section 4.2.8 and 4.2.9), which was up to 50 % more than with the water 
insoluble compounds. Owing to its high water solubility (i.e., 200 mg.ml-1 as 
reported by Jank et al.,1998), ER is miscible in alginate solution, thus it is easily 
entrapped during Ca2+ bridging formation. Despite high water solubility of MB 
(i.e., 35 mg.ml-1, as reported by Chen et al., 2008), the loading efficiencies (< 6 
%) and payloads (± 0.01 %) were low in Ca-ALG+MB (S) and (L) possibly due 
to MB precipitation and low initial dye concentration.  
 
Figure 5-16.  Possible interactions of Erioglaucine with alginate 
It is seen that despite ER being an anionic dye, high loading efficiencies 
and payloads can be achieved, probably via binding with alginate and Ca2+. At 
pH 6.8, the amine groups from the ethylaniline in ER have almost zero charge 
(+0.04), thus the net charge of ER (-3) was dominated mainly by the negatively 
charged sulfonate groups.  illustrates some possible routes for the sorption of 
the ER to the microgel surface which could be promoted through ionic 
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crosslinking with Ca2+ and H-bonding at the sites where N and O atoms are 
located in ER (Liu et al., 2008). 
Figure 5-17 shows the percentage release of these water soluble dyes 
encapsulated microgels during the dye extraction using Millipore water. Within 
30 minutes, the ER was completely released up to 100 ± 4 % and 85 ± 5 % for 
Ca+ALG+ER (S) and (L), respectively. There was no further additional release 
of ER after 24 h and 48 h, indicated that within 30 minutes almost a complete 
release was achieved from the microgel particles. Although ER had high 
loading efficiencies and payloads, it was released rapidly on placing the 
particles in water, thus certainly due to the porous structure of the microgels.  
  
Figure 5-17. Percentage release of Erioglaucine/ER (a) and Methylene 
Blue/MB (b) from the Ca-alginate microgel particles prepared from 1 
wt.% alginate and 10 mM Ca2+ for (S) and  2 wt.% alginate and 20 mM 
Ca2+ for (L) as a function of time during dye extraction 
 
In MB containing microgels, low amounts of MB were released during 
the extraction in water over 30 minutes, i.e., < 5 %, which was possibly 
attributed to the precipitation formed during the microgel preparation. Tu et al. 
(2005) encapsulated MB in alginate microparticles (sizes 0.1–0.4 mm) made 
with 5 wt.% alginate and 1 M Ca2+ via a spray-coagulation method. They 
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observed a fast release of MB in simulated GI fluid. Within 5 minutes, 100 % 
release of MB was achieved in simulated GI fluid as compared to only 30 % of 
water insoluble 4-phenylazoanililine (PAA). However, the presence of salt and 
low pH in the simulated GI fluid would be expected to enhance dissolution.  
5.2.4.3 Precipitation during Ca-ALG+MB production 
Precipitation was visually detected during MB incorporation into the 
microgels. This precipitate could also be responsible for the large variability in 
the measurements, as indicated by large error bars in Ca+ALG+MB (S) and (L) 
(Figure 5-14 and Figure 5-17). The formation of the precipitate was postulated 
as due to the positive charge of the dimethylamine groups in MB side chains 
were instantly cross-linking with the COO- groups in alginate chain. This strong 
electrostatic attraction between the two groups may lead to competition with 
Ca2+ for cross-linking with the alginate.  
To confirm a strong interaction between MB and alginate, we therefore 
determined the mole charge ratios between these two compounds. At the pH 
used, i.e., 6.8 ± 0.2, each monomer of alginate would have a charge of -1, 
whilst the total charge of MB should be +1 at that pH (Figure 5-12). The 
[alginate] and [MB] used were 1 wt.% and 10 ppm, respectively, with 𝑀𝑤 of 
194.14 g.mole-1 for guluronic/mannuronic acid and 319.85 g.mole-1 for MB. 
From Eq. 5-2, the mole charges ratio between alginate and MB was 1648:1. 
Such a high ratio indicates that the MB would be unlikely to significantly 
interfere with gelation of the alginate via Ca2+. (For completeness, the mole 
charge ratio between alginate and 10 mM Ca2+ is only 1.3:1). Therefore, one 
would expect MB to be encapsulated within the nascent microgel particles, but 
somehow it competes with Ca2+ cross-linking and it results in its precipitation. 
According to Lipatova, Makarova, & Mezina (2016), the non-covalent 
complex formation of MB with alginate can be initiated as low as 1.15 x 10-5 M 
of [MB] and is stable in the pH range between 5.5 to 9. In the current study, 10 
ppm of MB equals 3.12 x 10-5 M which is above the concentration limit for this 
complex formation and the pH is at 6.8 which is within the pH range mentioned 
above. They also discovered that a complete dye binding was achieved at 2:1 
mole ratio of alginate to MB, which fitted into the concept of ‘neighbour 
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exclusion’ binding, where 1 dye molecule binds with two base pairs. In our 
system, the mole ratio between alginate:MB was at 2.1:1 (based on 150 kDa 
molar mass of alginate) for 1 wt.% alginate or double this for 2 wt.% alginate. 
Considering the above, mixing of MB into the alginate phase before placing in 
the jet homogenizer is a mistake since it would serve as a precursor step of 
complex formation between MB and alginate. With hindsight therefore, the 
method of addition of any cationic species should be changed to avoid mixing 
them with the anionic polymer prior to particle formation.   
 Homem-De-Mello et al. (2007) have also shown MB is prone to form a 
dimer, either in “sandwich” or “head to tail” geometry (Figure 5-18), with higher 
dimer to monomer ratio as the dye concentration is increased from 10 to 60 μM 
in aqueous solution (Florence & Naorem, 2014). The [MB] used in our study 
was 10 ppm (~31 µM) which is therefore within the concentration range of this 
dimerization. The dimerization equilibrium is illustrated in Figure 5-19 with 
dimerization constant (KD) of 2.38 x 103 at 30oC in water. Florence and Naorem 
(2014) found KD to be higher in water compared to in mixed organic solvents of 
lower dielectric constant. For example KD = 1.1 x 103 in ethylene glycol. The 
normally high dielectric constant of water resulted in a decrease of 
intermolecular repulsion between the same charged species of the MB 
(Yazdani et al., 2012). The high KD of MB in water might give rise to MB dimers 
prior to mixing into alginate in our system, leading to aggregate formation. Such 
precipitation would not have been observable due to the intense blue colour of 
the solutions. Lipatova et al. (2016) also discovered that there was a 
hypochromic shift of MB λmax as it changed from monomeric to dimeric and 
aggregated form of MB-alginate, i.e., λmax was shifted from 664 (monomeric) to 
612 nm (dimer form) and 565 nm (ionic complex of MB and alginate). This blue 
shift was possibly responsible for lower [MB] measured at λ used in this study, 
i.e., 665 nm, which could affect the apparent microgel yields, loading 
efficiencies, and payloads of Ca+ALG+MB (S) and (L).  
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Figure 5-18. Four possible resonances of MB dimers, with a, b, 
(‘sandwich’) and c, d (‘head to tail’).  
(Figure from Homem-De-Mello et al., 2007) 
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Figure 5-19. Dimerization equilibrium of 2MBmonomer  ↔ MBdimer  
(Figure from Yazdani et al., 2012) 
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5.3 Conclusions 
Some control over the microgel particle size and ζ-potential can be 
exerted during microgel particle formation by including the oppositely charged 
globular protein of lactoferrin, but not lysozyme. Many factors possibly 
contributed to unsuccessful lysozyme adsorption onto the microgel particle 
surface, such as strong complex formation between lysozyme and alginate and 
Ca2+, high Na+ content of the buffer, the relative small protein molecular size 
and evenness of positive surface charge.  In contrast, there was good evidence 
for lactoferrin adsorption, probably due to its larger size and concentration of 
the positive charge into patches on the surface of the globular protein structure.   
These effects with proteins seem to apply to some extent with water 
soluble dyes. Whilst one might expect a positively charged dye (MB) to be 
more easily trapped in the negatively charged microgel particles as they are 
formed, in fact a negatively charged dye (ER) seemed to be more easily 
encapsulated. This was probably because the negatively charged dyes might 
be more readily cross-linked into the microgel network via Ca2+ and/or H-
bonding. The positively charged dyes can electrostatically complex with 
alginate too strongly and this inhibits their incorporation into microgel particles. 
The particle size of the microgel also plays a key role in entrapping higher [ER] 
inside the microgel owing to the greater surface area of smaller-sized particles. 
ER encapsulated microgels displayed a high loading efficiency and payload, 
but the ER was also released rapidly due to high porosity of the microgels 
formed.  
In summary, a deep understanding of the molecular interactions between 
microgel components and the size, net charge and surface charge distribution 
of the materials being encapsulated is needed to allow successful 
encapsulation of water soluble compounds via the Leeds Jet Homogenizer 
method.  
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Chapter 6 Conclusions and Future Works 
This chapter summarises the main findings described in previous chapters. 
All the experiments in this study have been performed to gain a better 
understanding of (1) some factors or parameters that govern microgel particle 
formation (2) the rheological properties of the microgel suspensions (3) the 
microgel particle yield, payload, and loading efficiency from the encapsulation 
(4) factors that affect the entrapment of water-soluble and water-insoluble 
compounds.   
6.1 Factors that govern the microgel particle formation 
Microgel particles formed via this method are tuneable in size with the following 
considerations: 
a. The Leeds Jet Homogenizer (LJH) was capable of producing the 
microgel particles via flash precipitation method in conditions of highly 
turbulent mixing flow (𝑅𝑒 > 104), high shear rate (106 s-1), and high fluid 
velocity (nearly 100 m.s-1). This method can be applied to form microgel 
particles from alginate or any Ca2+ sensitive biopolymers (such as 𝜅-
carrageenan and low methoxy pectin). 
b. The Damkohler number (𝐷𝑎 ) plays a key role in determining the particle 
size. Thus, increasing the concentration of alginate and reducing the 
fluid velocity have generated larger particles because it increases the Da. 
c. Ca-alginate prepared from alginate high viscosity (HV) exhibited a larger 
particle size compared to low viscosity (LV) due to a longer chain of 
guluronate units (G) rather than any specific effect of the viscosity.  
d. Increasing Ca2+ concentration from 2 mM to 10 mM mixed with 1 wt.% 
alginate does not have an impact on the particle sizes. 
e. The microgel swelling and de-swelling phenomenon is certainly affected 
by the pH, where smaller particle sizes form at lower pH, except for 
tiliroside-containing microgels due to the presence of aggregates at low 
pH. 
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f. The particle size of the entrapped water-insoluble compounds also 
conformed to the final microgel particle sizes, i.e., the smaller the 
crystals, the smaller the final size of the microgel particles. 
6.2 Rheological properties of Ca-alginate microgel 
suspensions 
Some rheological properties that can be extracted from the findings are: 
a. The estimated intrinsic viscosity ([𝜂]) and 𝑀𝑤 of the elected alginate low 
viscosity (LV) were 13.2 g.ml-1 and 168 kDa, respectively.  
b. The apparent viscosity (ƞ) of the microgel suspension was shear thinning 
up to ϒ < 1 s-1, and then it reached a plateau ƞ of Newtonian-like viscosity 
at ϒ > 1 s-1 at φ ≤ 0.044, which followed the viscosity behaviour of the 
aqueous phase at low φ.   
c. At higher φ (φ ≥ 0.065), the microgel concentrate behaved more solid-like 
due to tighter packing of the microgel particles. 
6.3 Microgel particle yield, payload, loading efficiencies from 
encapsulation. 
The microgel particles were separated either via centrifugation or addition of 
magnetic nanoparticles (MNPs) to quantify the yield, payload, and loading 
efficiencies. The key drawbacks from the encapsulation study are the following: 
a. Microgel particle yields prepared from 1 wt.% alginate and 10 mM were 
less than 5 % which was low.  Nevertheless, it can be improved by 
introducing some nucleation agents, such as the water-insoluble 
compounds. The addition of water-insoluble crystals boosted the yield 
up to 10 % to 30 %.   
b. The payloads of the water-insoluble compounds in the microgel particles 
were low (< 1.2 %) because their initial concentrations used were only 
0.5 mM for polyphenols and 18.5 mM for β-carotene. However, despite 
the low payloads, the loading efficiencies were high, i.e., between 21 % 
to 58 %. 
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c. The payload and loading efficiencies of microgel particles containing 
water-soluble dyes were high but the dyes were released rapidly due to 
high porosity of the microgel particles. 
6.4 Factors that affect the entrapment of encapsulated 
compounds onto or into the Ca-alginate microgel particles 
Not all cationic compounds are expected to be entrapped onto or into the Ca-
alginate microgel particles. For example, no adsorptions or entrapments were 
exerted by the cationic lysozyme and MB in the microgel particles because 
strong complexations between these compounds and the alginate were formed.  
Some factors that govern the encapsulation mechanism are postulated below: 
a. The charge distribution on the surface of the encapsulated compounds 
whether they are in patches or not would determine their encapsulation 
fate. For example, the presence of patches on the surface charge of 
lactoferrin promoted the protein to be likely adsorbed on the surface of 
microgel.  
b. The particle sizes of the encapsulated compounds also determine the 
locations or binding sites whether they are likely to be inside or outside 
of the microgel particles. The smaller size particles tended to be 
distributed internally while bigger particles are more likely to be at the 
surface of the microgel particles. The smaller particle size of the 
encapsulated compound also exhibited a greater payload. 
c. The charge density of the encapsulated compounds also plays a part in 
determining their chances to be entrapped. The higher the charge 
density, the more binding sites were available to bind with the alginate, 
thus higher loading efficiencies were observed.  
6.5 Future work 
Possibilities for further exploration which may be beneficial to enhance the 
delivery system of Ca-alginate microgel particles and to maximize the potential 
capability of LJH for commercialization or scale-up purposes include: 
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 It is a challenge to control the release of water-soluble compounds 
encapsulated in highly porous microgels: thus some surface modification 
needs to be applied onto the microgel particles. Erioglaucine is easily 
trapped but also easily released, while lactoferrin has shown a capability 
to coat the surface of the microgel particles.  It will be interesting to 
combine these two features as a model system to further enhance the 
delivery system of high water solubility compounds.   
 The highest throughput of microfluidic device as developed by the Weitz 
group can produce 5.2 kg of microgel suspension per day with flow rate 
of 215 ml.h-1 (Romanowsky et al., 2012). The throughput of the jet 
homogenizer can be much higher because the flow rate is about 15 ml.s-
1 or 55.5 l.h-1, thus its potential for a scale up in production in a 
continuous system can be further exploited. Future work could involve a 
mathematical modelling by taking into account many factors such as the 
polymer concentration, pressure, 𝐷𝑎, and fluid velocity. Although 
aggregation can be an issue in scaling up as pointed out by Gavi, 
Marchisio, & Barresi (2007) and Marchisio, Rivautella, & Barresi (2006), 
but perhaps an extra step of sonication after the particle formation can 
be implemented. 
 Producing the microgel via the LJH is considered as a sustainable 
processing because of the low-energy consumption required for the 
operation. If recycling processes are included in the system, they can 
add an extra value to fulfil the sustainability criteria. The excess of Ca2+ 
or free alginate perhaps can be recycled back to generate more microgel 
particles. Although it may seem complicated, further work is needed to 
acquire information, such as the remaining concentrations of G and Ca2+ 
in the excess solution. 
 Despite the advancement of nano- or microgel developments, there is 
also a progressive concern of nanotoxicity. Martirosyan & Schneider 
(2014) have highlighted some of the hazards or risks associated with the 
nanotechnology-derived foods, which can be a long-term pursuit for 
future research. 
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